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ABSTRACT

ENGINEERING ICEPHOBIC COATINGS: SURFACE CHARACTERIZATION
OF Pt-CURED SILICONES

By Sithara Shylaja Nair
A dissertation submitted in partial fulfillment of the requirement for the degree of Doctor of
Philosophy, Engineering at Virginia Commonwealth University
Virginia Commonwealth University
Major Director: Dr. Kenneth J. Wynne, Commonwealth Professor, Department of Chemical and
Life Science Engineering

Ice buildup on structures leads to problems that include reduced performance, structural
damage and power outages. It is therefore important to limit the energy required for removal of
ice from substrates to minimize buildup. Understanding the mechanism of ice adhesion and its
dependence on variables like coating thickness, stiffness, surface free energy and morphology is
critical for minimizing adhesion. Despite several developments in “icephobic” coatings, which are
those that have low ice adhesion, it is important to understand adhesion on the fundamental level
to make way for advanced coatings. To do so, a study has been carried out that explores key
variables affecting ice adhesion using a commercially available silicone, Sylgard 184®. Sylgard
184 is a two-part, platinum cured silicone elastomer available from Dow Corning with good
physical and chemical stability and is used in widely diverse research studies.
The thermodynamic work of ice adhesion 𝑤𝑎 is related to the receding contact angle (𝜃𝑅 )
of water by Equation 1.[1]

𝑤𝑎 ≈ 𝛾𝑤 (1 + cos 𝜃𝑅 )
xiv

Eq 1.

where 𝛾𝑤 is the surface tension of water. Considering an elastomeric substrate and ice as a
rigid cylindrical adherent, the Kendall model[2] can be adapted to relate peak removal force (Pc)
with work of adhesion (wa), modulus (K), thickness (t), and radius (a) according to Equation 2.

𝑃𝑐 ∝

1⁄
2
2 2𝑤𝑎 𝐾
𝜋𝑎 (
)
𝑡

Eq. 2

Considering these relationships, hydrophobic materials with low surface energies and high
receding contact angles are generally predicted to show low adhesion. To begin to understand
details, the force required to remove an ice cylinder from the silicone elastomer Sylgard 184 was
investigated by focusing on three variables: coating thickness, modulus and cure temperature.
“Cure” refers to the network formation or crosslinking within the material.
The Wynne research group has previously established a surprising dependence of R on
Sylgard 184 cure temperature.[3] In this thesis, the relationship among variables noted above was
examined by measuring Pc for Sylgard coatings. Figure AB.1 shows a typical stress-distance curve
that was obtained for a 100 ˚C cured Sylgard coating. Additionally, effects of test temperature on
ice adhesion strength was studied. Surface characterization methods including ATR-IR (attenuated
total reflectance infrared spectroscopy), DCA (Wilhelmy plate dynamic contact angles) and AFM
(atomic force microscopy) were employed. In summary, defined processing conditions were found
optimum for minimizing ice adhesion to Sylgard coatings.

xv

Figure AB.1. A representative force vs. distance curve for a 16 µm
Sylgard 184 coating on a glass slide, cured at 100 °C

xvi

Chapter 1
Icephobic coatings

1.1. Review
Ice buildup on structures such as wind turbine blades, aircraft, roads and electric wires
leads to problems that include reduced performance, structural damage and power outages.[4-10]
Buildings and roofs can get weighed down by ice causing great damage and people can get
injured due to falling sheets of ice. Besides being a temporary measure, using salt or other
chemicals (like glycol) to melt the ice can damage the structural surfaces as well as potentially
harm the environment. Additionally, using deicing agents can sometimes be difficult and
expensive. Thus, surfaces that minimize ice adhesion are of particular interest and are often
designated “icephobic” coatings.[11-17]
The development of icephobic coatings has generated an increasing number of reports.[1117]

Factors including modulus, coating thickness, roughness and water contact angles have been

studied to minimize adhesion.[1-2, 18] Meuler correlated ice adhesion with the practical work of
adhesion by means of the scaling parameter [1 + cos θrec] for water.[8] This hypothesis led to a
study of the correlation of ice adhesion with receding contact angles of water. For rigid
fluorinated thin films, the hypothesis was validated by the finding that high receding contact
angles correlated to low ice adhesion strength.
Sessile drop contact angles (CAs) were used as a measure of surface free energy and
related to the determination of ice adhesion by Yorkgitis.[10] The Andrews/Lockington test[5, 19]
was employed for measurement of adhesion. Polypropylene (PP) samples (CAs ~ 108°) were
subjected to air/corona oxidation that made a relatively hydrophilic surface by oxidation (77°C).
1

Oxidation increased the surface free energy that caused an increase in the ice adhesion parameter
from 0.72 to 3.42. This increase in adhesion of ice due to decreased sessile drop CAs attests to
the retention of hydrogen bonding by ice.
While surface energy is important to the wetting characteristics of surfaces, other
parameters should also be taken into consideration, as low ice adhesion depends on the interplay
of several independent variables including modulus, roughness and thickness. Diverse
approaches have included the addition of lubricating layers onto/into the surface[15, 20-21] or
creating superhydrophobic surfaces (CA>150˚) that repel water.[7, 22-24] The latter approach
causes water droplets to roll-off precluding ice formation. For example, Wang et al. developed
polyimide nanofiber membranes using an electrospinning process to create microstructures
inspired by those found in penguin feathers.[25] However, frost formation and ice nucleation on
superhydrophobic rough surfaces renders superhydrophobicity ineffective and can even increase
ice adhesion strength.[26-29] That is, in conatrast to droplets that run off before freezing, frost
develops from microparticles that settle between patterned features and result in ice buildup.
In a novel approach that avoided drawbacks of roughness, Aizenberg fabricated
micro/nanostructured surfaces that were superhydrophobic that did not encounter ice nucleation
by incorporating viscous liquids.[30] The development of Slippery Liquid-Infused Porous
Surfaces (SLIPS) involved infusing lubricating liquids with low surface energy into the surfaces
such as silicones or hydrocarbon oils into porous substrates such as boehemite on aluminum.[15,
21, 31]

Such oil-infused hybrid coatings facilitate interfacial slippage, yielding ice adhesion

strengths as low as 9 kPa.[15] Perfluorinated liquids were incorporated onto surfaces to fabricate
SLIPS, that gave ice adhesion strengths as low as 16 kPa.[32] It is important that the infused
liquids be immiscible with water and oils[33] and must not evaporate.[34]
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Taking an opposite approach, Chen et al. generated icephobic coatings with a selflubricating liquid water layer by grafting cross-linked hygroscopic polymers within the surface
micropores of inorganic materials, that exhibited ice adhesion values as low as 50 kPa.[35] They
also showed that these surfaces were mechanically resilient in the face of sandpaper abrasion,
and that ice formed could be removed easily by strong breeze.
Concerns have been expressed over the shelf-life of SLIPS, as well as the durability.[36]
For example, Rykaczewski et al. reported the displacement of oil layer with water.[37] Finally, the
combination of substrate preparation and SLIPS can be costly.[15]
In another approach to utilize nanostructured superhydrophobic surfaces, advantage was
taken of the ‘jumping droplet’ phenomenon, where water microdroplets coalesce and are
removed from the surface.[38-39] However, coalescence can lead to much larger films of water that
stick to the surface.[40]
The volumetric expansion that occurs when water freezes is well known. Frequent
freezing and thawing of superhydrophobic surfaces can lead to increase in ice adhesion due to
the damage of the micro/nanostructures.[9, 16]
The results described above can be thought of in a more fundamental way. “Cassie ice”
can be defined as hydrophobic surface due to creation of air pockets between the water droplets
and the nanostructures on the superhydrophobic surfaces.[41] “Wenzel ice” is defined as a
hydrophilic surface formed by frost formation or filling up pockets on superhydrophobic
surfaces.[42]. The variable of flow rate can be considered in light of these descriptions. Droplets
hitting a surface with high speed can cause the droplet interaction to transition from the Cassie
state (low speed) to the Wenzel state (high speed) leading to ice nucleation and subsequently
higher ice adhesion. Figure 1.2 illustrates this difference in droplet behavior, which is crucial
when it comes to designing such textured surfaces. For drops impinging on surfaces at high
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speed, mechanical interlocking of the droplets within the structure (Wenzel state) causes the
surface superhydrophobicity to be ineffective.
The commercially available silicone elastomers Nusil R-2180 has been reported to
possess excellent icephobic properties, with shear stress values as low as 42 kPa.[43] Another
commercial product, Wearlon®, a combination of epoxy and silicon compounds, was found to
yield ice adhesion values of about 130 kPa[14] by utilizing an adapted 0˚ cone test.[44] To enhance
water repellency, another technique employed involved the use of Self-Assembled Monolayers
or SAMs. These are single-molecule thick layers of organic molecules that are adsorbed onto a
substrate by means of a deposition process. Croutch et al. stated that -CF3 or -CH3 groups must
be present on the outermost surface of substrates for this purpose.[6] Not only does the deposition
technique bind the alkyl chain strongly to the substrate, it is also simple and relatively
inexpensive.[17] For example, Petrenko et al. described the coating of gold with 1-dodecanethiol
and 11-hydroxylundecane-1-thiol SAMs to generate nanofilms with varying degrees of
hydrophobicity.[45] They observed a significant correlation between the surface free energy and
ice adhesion strength. More studies are needed to confirm orientation of the non-polar groups
along the surface, as this factor can impact surface hydrophobicity.
Ice adhesion studies on unfilled, platinum cured vinyl polysiloxane resin crosslinked with
poly(methylhydro)siloxane (PMHS) were conducted by Yorkgitis. For these silicone elastomers,
ice removal energy decreased with increasing coating thickness.[10] Andrews et al. reported a
similar trend for polyurethane: higher coating thicknesses caused the failure energy to
decrease.[5, 19] Coating thickness was confirmed as a parameter of interest by studies of ice
adhesion on silicone elastomers by Wang et al.[46] Shear stress values for the removal of ice were
found to decrease with increasing coating thickness in agreement with the theory developed by
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Kendall.[2] It was also concluded that test parameters such as distance of the force probe from the
ice cylinder impacted peak removal force.
Modulus is another parameter that affects ice adhesion strength on polymer elastomers.
Beemer decreased the shear modulus of platinum cured PDMS by adding non-reactive
trimethylsilyl-terminated PDMS (t-PMDS) to the hydrosilylation network. Their results showed
that the ice adhesion strength (τice) decreased with decreasing shear modulus (µ) The correlation
was close to τice  µ0.4 for coatings with constant thickness of 200 µm.[47] Keeping thickness
constant, the dependence of adhesion strength on shear modulus is close to that predicted by
Kendall for adhesion of a rigid rod to an elastomeric substrate.[2] Kendall theory is discussed in
detail in Chapter 3.
In a similar approach, Golovin reported that it is possible to systematically design
coatings with low ice adhesion (τice < 0.2 kPaby tailoring the cross-link density of different
elastomeric coatings.[15] With regard to silicones, Golovin prepared Sylgard 184 elastomers with
different crosslinking densities by altering the ratio of base and curing agent and curing
temperature / time.[15] Ice adhesion strength (τice) for the coating with high crosslinking density
(ρCL) was 9 times higher than that with low crosslinking density. In particular, for ρCL = 307 ± 8
mol/m3, τice was 264 ± 19 kPa; for ρCL = 50 ± 2 mol/m3, τice was 33 ± 2 kPa. These new findings
can be conveniently applied in the design of coatings with low ice adhesion strength. Adapting
this approach to polyurethanes, “slippage systems” were made with miscible oils. These systems
had τice < 20 kPa accompanied by toughness levels not found for silicones.[15]
To summarize the state of the art, Figure 1.1 illustrates the shear stress values obtained
for various categories of icephobic coatings, as outlined by Kreder et al.[48] Differences in test
conditions, techniques and instrumentation preclude a direct comparison of ice adhesion values,
but the overview provided by Figure 1.1 illustrates considerable progress that has been made in
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the development of icephobic coatings and reflects the range of ice adhesion values obtained.
Looking forward, fundamental studies are still needed to evaluate dynamics of soft surfaces that
affect ice adhesion. Coatings must have not only excellent icephobic properties, but must also be
mechanically durable, cost-effective, easy to use and retain their properties over a long period of
time. Hence it is important to develop more icephobic coatings that exhibit low shear stress
values with minimal processing, manipulation and costs. Taking this fundamental approach, the
following chapters focus smooth Pt-cured silicone surfaces and how they may be engineered in a
simple and inexpensive manner to yield suitable and competitive icephobic properties.

ADDENDUM: The subject of this dissertation is understanding surface science at the nanoscale
and mesoscale involved in the adhesion of ice. Prior to this research, a pilot study was carried out
that extended prior work to investigating biocidal effectiveness of a polycation and an antibiotic
against the bacterium Propionibacterium acnes. The outcome of this study was the finding that
P. acnes did not build up resistance against the polycation, which mimicked the action of
naturally occurring antimicrobial peptides. This study was not continued and is unrelated to the
main topic of this dissertation but is included as an addendum after the references section. This
research work,[49] titled “A Polycation Antimicrobial Peptide Mimic without Resistance Buildup
against Propionibacterium Acnes” was published in Macromolecular Bioscience journal, and is
being reused here in its published form with permission from the publisher John Wiley & Sons.
It is protected by copyright.
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Figure 1.1. Range of ice adhesion values obtained for different material categories. The yaxis represents ice adhesion values in log scale. Figure adapted from cited reference.[48]
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A

B

Figure 1.2. A) Wenzel droplet pinned to surface; B) Cassie droplet that can roll off the
surface.
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Chapter 2. General Introduction to Sylgard 184 and scope of study

2.1. Background on Sylgard 184

Sylgard 184, is a Pt-cure two-part silicone kit available from Dow Corning, Inc. This
silicone elastomer is widely used in applications such as protecting electronic devices by means
of encapsulation or potting.[50] Owing to its ease of use, favorable dielectric, mechanical,
chemical and thermal properties, Sylgard 184 is extensively used in many areas of research, such
as microfluidics[51-55] and adhesion studies.[46, 56-57]
Sylgard 184 consists of two components: the base and the crosslinking agent. These are
usually mixed in a 10:1 ratio and cured at temperatures and times suggested by the
manufacturer.[50] The components that make up Sylgard 184 are listed below: [58-59]
Base:
• Dimethyl siloxane, dimethylvinylsiloxy-terminated
• Dimethylvinylated and trimethylated silica
• Xylene
• Ethylbenzene
• Toluene
Crosslinking agent:
• Dimethyl, methylhydrogen siloxane, Trimethylsiloxy-terminated
• Dimethyl Siloxane, Dimethylvinylsiloxyterminated
• Dimethylvinylated and trimethylated silica
• Xylene
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• Ethylbenzene
• Toluene
The main components and chemical structures are shown in Figure 1.1. The platinum species
catalyzes a hydrosilylation reaction whereby the silicon-hydrogen (Si-H) bond (from
crosslinking agent) is added to the carbon-carbon double bond (C=C) (from the vinyl terminated
siloxane in the base), resulting in the formation of silicon-carbon (Si-C) bonds (Eq 3).[60] The
primary network or crosslinks are therefore comprised of chemically stable Si-C and C-H bonds.
𝑃𝑡 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡

𝑅3 𝑆𝑖𝐻 + 𝐻2 𝐶 = 𝐶𝐻𝑅′ →

𝑅3 𝑆𝑖𝐶𝐻2 𝐶𝐻2 𝑅′

- Eq. 3

The reaction mechanism proposed by Chalk and Harrod[61] is illustrated in detail by Meister et. al
in Figure 1.2.
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Figure 2.1. Components of Sylgard 184.
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Figure 2.2. Hydrosilylation reaction mechanism. ICH, addition of HSiR3;
IICH, coordination of olefin; IIICH, insertion of the olefin into the Pt–H
bond; IVCH, elimination of alkylsilane.[62]
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In addition to hydrosilylation-crosslinking, side reactions involving Si-H can take place
that influence curing.[63] Kurian described autoxidation, whereby Si-H is converted to Si-OH on
reaction with oxygen and/or water. These findings are in agreement with those of our earlier
work,[3]whereby Sylgard 184 coatings cured at lower temperatures (e.g. ambient) exhibited low
receding contact angles (CAs) while still having high advancing contact angles. The result was
uncharacteristically large contact angle hysteresis. Autoxidation of Si-H to Si-OH was attributed
to the Si-H functional moiety being consumed at surface, resulting in the low receding CAs. On
the other hand, Sylgard coatings cured at high temperatures (>100 ˚C) displayed both high
advancing and receding CAs. This was explained by condensation of Si-OH by autoxidation to
Si-O-Si. Thus, hydrosilylation, autoxidation and condensation may occur in concert depending
on process conditions.
A model was developed to describe these reactions and their impact on wetting behavior
[Figure 2.3].[3]These findings inspired the current research study which is aimed at altering the
properties of Sylgard 184 by simply changing cure conditions/coating parameters without the
need of additional synthesis steps or expensive external agents. Process conditions were
manipulated to not only to understand how different factors affect material properties, but also
how this information could be used to develop coatings that had minimized ice adhesion.
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Figure 2.3. Model for Sylgard 184 network formation. A, B: At high initial temperatures,
hydrosilylation rapidly forms an HC–C–Si network (large black ovals); sparse Si–OH
undergoes condensation to form an auxiliary Si–O–Si network (small red ovals, box with
red border); CA hysteresis is low as any isolated near-surface Si–OH has limited mobility
due to the hydrosilylation network. Isolated Si–OH groups remain in all networks; C, D: At
low temperatures, hydrosilylation (small black ovals, box with black border) occurs in
parallel with autoxidation (green oval with blue Si–OH features on the perimeter); the
hydrosilylation network forms (small black ovals) and receding CAs are low due to mobile,
near-surface Si–OH. (Figure and caption adapted from the cited reference[3])
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2.2. Scope of study

2.2.1. Ice release test
Based on previous findings,[3] that are discussed in detail in subsequent chapters, cure of
Sylgard 184 coatings was manipulated with the goal of defining adhesion of ice. Defining the
effect of cure conditions on fundamental surface properties is important for developing
‘icephobic’ coatings. As noted earlier, ice build-up on structures is often a major problem
causing damage, reduced performance and unsafe operating conditions. Preliminary work on the
tradeoffs between the various factors affecting ice adhesion are based on the theory of Kendall
that considers the adhesion of a rigid object to an elastomer.[2] The relationship of contact angle
measurements to adhesion are based on findings by Gao and McCarthy[64-65]) Both Kendall
theory and work of adhesion are discussed in Chapter 3.
Primarily, the effect of coating thickness and cure temperature on ice adhesion strength
was established. Two sets of Sylgard 184 coatings of varying thicknesses were prepared and
cured at 100 ˚C and 30 ˚C respectively. A Dynamic Mechanical Analyzer was adapted to
conduct ice release rests,[66] whereby the force required to dislodge an ice cylinder from the
polymer sample substrate was determined. Two test temperatures were employed to monitor the
effect of especially low temperatures on adhesion. The resulting data obtained was used to map
contributions of different variables on ice adhesion for Sylgard 184. This was used as a
foundation for the subsequent chapters.

2.2.2. Varying cross-link density

Chapter 4 focuses on varying cross-link density of Sylgard 184 coatings. In addition, cure
temperature and time are explored to find the impact on modulus, wetting behavior and
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ultimately the force required to remove ice. This was done by mixing the base and the
crosslinking agent of Sylgard 184 in different ratios, and curing them for short and longer times,
at higher and lower temperatures. These coatings were characterized using dynamic contact
angle analysis (DCA) to investigate the top 1-3 nm (“near-surface”) and attenuated total
reflectance- infrared spectroscopy (ATR-IR) to explore “mesosurface” (depth of 300-1000 nm)
chemistry. The effect of Si-H distribution and network density was assessed and how this
impacted new surface chemistry.

2.2.3. Surface modulus and adhesion studies

Sylgard 184 coating candidates were subject to detailed characterization of morphology,
moduli and adhesive forces by AFM. These results are discussed in Chapter 5. An extremely
versatile technique, Peakforce Quantitative Nanomechanical Mapping (PF-QNM), an AFM
feature was employed for this purpose. Silicon tips on nitride cantilevers were used to generate
force curves that yielded important near-surface mechanical and physical properties. This
technique was particularly useful for analyzing thin coatings (< 100 µm), which proved to be
difficult with standard mechanical property testing instruments. Interestingly, clear differences
were noted among the different Sylgard coatings that were attributable to cure conditions. Fluid
imaging was also tried to examine under-water properties.
A temperature gradient was created on a single Sylgard 184 coating to elucidate further
the differences in surface characteristics attributable to the temperature of cure process. The
gradient was characterized by contact angles and AFM tip adhesion (PF-QNM).
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2.2.4. Conclusive ice adhesion test

Based on the data obtained, suitable candidates were chosen for an ice release study,
again by adapting the Dynamic Mechanical Analyzer. The effects of cross-link density on bulk
modulus are noted. Dynamic mechanical analysis (DMA) was conducted on relatively thicker
Sylgard coatings to find the elastic moduli at subzero temperatures and to correlate with ice
adhesion. The results of this fundamental level study were eventually used to make suggestions
for a suitable ice release coating in Chapter 6. The highlight of this investigation is to underline
the importance of making simple, inexpensive changes to processing conditions for a
commercially available material. Basing processing conditions on fundamental findings and ice
adhesion strength measurements carry the potential for transition to large-scale applications. A
discussion is also presented on the varying depths of analysis for the different surface
characterization techniques employed in this study. For example, while ATR-IR probed at a
depth of 300 nm, PF-QNM did so at about 20-50 nm. This was crucial to understanding different
interfacial phenomena and how they could be manipulated effectively. Chapter 7 simply
summarizes these conclusions and addresses future work.
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Chapter 3
Dependence of thickness and cure temperature on peak removal energy for
ice on Pt-cured PDMS coatings (Sylgard 184)

3.1. Introduction

Surfaces that minimize ice adhesion on structures are of interest for energy savings and
safety. Understanding the mechanism of ice adhesion and the relationship of adhesion to
substrate properties are essential to minimize ice-substrate interfacial interactions and guide the
development of advanced coatings. An ideal surface should decrease ice adhesive strength to
less than ~100 kPa (14.5 psi) so that ice is removed by natural forces, such as wind or gravity.[67]
Silicone coatings and thin films have often been the subject of studies for ice formation
and adhesion.[8, 10, 15, 68] PDMS chains stay flexible at extremely low temperatures (Tg ~ -120 ℃)
and contribute to low adhesion for a rigid adherent.[69]
Lubricant infused systems have been studied extensively.[69-71] While low ice adhesion was
reported for lubricated surfaces (~ 27 kPa),[72] the lubrication process is relatively elaborate and
expensive and the may not be durable as oil may be removed or displaced by frost.[37] In contrast
to oil / lubricant infusion, as shown herein ice adhesion strength can be affected simply by
changing basic material properties via changes in process conditions.
Gao and McCarthy[64-65] proposed that the practical work of adhesion needed to remove a
drop of water from a surface (wa) is proportional to ice adhesion strength by the relationship
described by Equation 1(Abstract). This correlation was confirmed by Meuler, et al. in their
work with several fluorinated coatings.[8] Kendall showed[2] that the force required to remove a
rigid cylinder (Pc) from an elastomeric substrate is related to work of adhesion (wa), modulus
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(K) of the elastomer, its thickness (t), and radius (a) of the cylinder according to Equation 2
(also in Abstract):

𝑃𝑐 ∝

1⁄
2
2 2𝑤𝑎 𝐾
𝜋𝑎 (
)
𝑡

Eq. 2

Kendall’s theory indicates Pc is inversely proportional to the square root of coating
thickness. Previously, Wang et. al[46] have shown that there is indeed a coating thickness
dependence of ice removal energy for silicones that follows the Kendall model in the thickness
range 12 µm – 530 µm. Understanding the balance among wa and additional factors including
thickness and modulus plays an important role in engineering a suitable coating.
Prior work established that at low curing temperatures (ambient), the receding contact
angle of Dow Corning’s Sylgard 184 is low (30°-50°) compared to the high θR after cure
completion at 100 °C [Figure 3.1].[3] This finding lead to the concept of “sticky/slippery”
surfaces, wherein a water droplet (~25 µl) would “stick” to the surfaces with low θR and “slip”
and roll off the surfaces with high θR.[3] Since this factor, θR, in addition to coating thickness,
may directly impact wetting behavior, coatings with different thicknesses were prepared and
cured at 30 °C as well as 100 °C, to investigate the effects on the peak removal force (Pc) for ice
cylinders. A focus will be on the relationship between receding contact angles and coating
thickness. The dependence of Pc on the test temperature is also investigated at -10 and -30 ˚C to
simulate winter conditions.
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Figure 3.1. Force distance curves and DCA contact angles for
Sylgard 184 coatings cured at A, 25 °C; B, 60 °C and C, 100
°C. (adapted from cited reference[3])
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3.2. Experimental

3.2.1. Materials. A Sylgard-184 kit from Dow Corning is supplied in two parts, Sylgard-184A
(base) and Sylgard-184B (curing agent). According to the MSDS, Sylgard-184A is comprised of
dimethylvinyl terminated dimethyl siloxane (Figure 2.1, MViDMVi) dimethylvinylated and
trimethylated silica, (Figure 2.1, MViDnQ) tetra-(trimethoxysiloxy)silane (TMOS) and ethyl
benzene. Sylgard-184B is comprised of poly(dimethyl-co-methylhydrogen)siloxane, (Figure 2.1,
MDDHM)

dimethylvinyl

terminated

poly(dimethylsiloxane),

dimethylvinylated

and

trimethylsilylated silica, tetramethyl tetravinyl cyclotetrasiloxane (Figure 2.1, MViD4MVi) and
ethyl benzene. Network formation is accomplished by hydrosilylation catalyzed by a platinum
catalyst illustrated in Figure 2.2.
3.2.2. Coating preparation. Sylgard 184 was prepared according to the manufacturer’s
instructions. Briefly, the base and curing agent was mixed in a 10:1 ratio. A unique feature to our
process was mixing with a Speed Mixer-DAC 150FV (Flacktek Inc., Landrum SC) at 3500 rpm
for 60 sec. This process that avoided a vacuum treatment for bubble removal was repeated twice
to obtain a homogeneous resin without bubbles. Thin coatings were deposited on microscope glass
slides (75 × 25 mm) by spin coating (SCK-200P Digital Spin Coater Kit) at different speeds. The
slides were drip coated with ~ 0.7 g of the resin mixture and spun at 6000, 4000, 2000, 1000 and
500 rpm to generate different coating thicknesses. At higher speeds, centrifugal force resulted in
thinner coatings. Thicker coatings were prepared by drip coating slides with 0.5 and 1 g of the
resin. Coatings were designated 1 through 7, with 1 being the thinnest and 7 being the thickest
(Table 3.1). One set of seven slides was cured at 100 °C for 24 hr, while another was cured at 30
°C for 3-4 days to ensure sufficient network formation. Thickness of coatings was measured by
weighing the plain slides before they get coated and after cure, followed by using the density =
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mass/volume equation. A sample calculation is provided in the appendix (A1). Coatings cured at
30 ˚C are designated as Syl_30_1 to Syl_30_7 while those cured at 100 ˚C are designated as
Syl_100_1 to Syl_100_7.

Table 3.1. Sample slide preparation details, methods and resultant thickness
Sample
designation

Coating method Speed (rpm) Thickness, µm Thickness, µm
(30 ˚C)

(100 ˚C)

1

6000

13

16

2

4000

20

24

2000

40

48

4

1000

84

88

5

500

154

138

----

261

279

----

527

519

3

6
7

Spin

Drip
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3.2.3. Methods.

3.2.3.1. Contact angle analysis. Static contact angles were obtained using a Ramé-Hart
goniometer equipped with an LCD camera. Deionized water (∼18.2 MOhms) was used as the
probe liquid. A water drop was placed on the coated surface and the image was captured
immediately. Dynamic (advancing and receding) contact angles were obtained by volume
expansion and contraction of the water drop. Captured images were analyzed using DROPImage
Advanced software version 2.10.11. Average values were obtained from 5 observations.

3.2.3.2. Ice Release Test. A TA Instruments RSA-III, normally used for conducting mechanical
analysis was adapted for the ice release test. This test has been described in detail previously.[66]
The range of motion for the upper grips (∼10 mm), the 3.5 kg load cell, and the temperaturecontrolled chamber are critical elements for this test. A force probe and a sample holder were
fitted into the upper and lower grips as shown in Figure 3.3. The coated slides were cut using a
diamond tip glass cutter into 3 sections, each approximately 1”x1” in dimensions. This allowed
accommodation into the DMA chamber. Ice cylinders were formed on these coating surfaces at 15 °C by using 2 cm high plastic molds.[66] TipOne 200-μL pipettes (catalog 1120-8810) were
used to pipette 200 µl of nanopore water into each cylindrical mold placed on the center of each
coating section to form ice cylinders that were 5.2 mm in diameter. Ice formation occurred
during 3 hr in the -15 ℃ freezer. Samples were transferred individually from the freezer to the
test chamber for testing in less than 15 sec to minimize exposure to ambient temperature. The
force probe does not engage the ice cylinder directly but rather the mold that contains the ice
(Figure 3.3). The distance between force probe and coating surface was 2 mm. Tests were
conducted at −10 °C and -30 ˚C with a probe speed of 0.05 mm/s. This was to evaluate the
effect of test temperature on peak removal energy. The tests were terminated shortly after the ice
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cylinder was dislodged from the sample surface. Shear stress vs probe distance graphs were
generated. The peak removal force was determined using DMA software (TA orchestrator
v7.2.0.2) for each sample at specific test conditions. The removal force is calculated by the
equation:

𝑃𝑠 =

4𝑀𝑔

Eq. 4

𝜋𝑑 2

where Ps is removal force (kPa), M is the normal force recorded by the load cell (g), g is
standard gravity (9.8 m/s2), and d is the diameter of ice cylinder (mm).[66]
Higher the value of peak removal force, higher is the energy required to remove the ice
cylinders from the polymer substrate.[66] Figure 3.2 shows the typical stress-distance curve
obtained for samples during an ice release test.[66] The peak removal force is indicated by point
C, while the area under the graph gives the peak removal energy. In a minority of tests, the ice
cylinder slipped across the surface rather than falling (adhesive failure). Such tests yielded erratic
curves that were not used for calculations. Once all the useful data had been obtained, a
correlation between the several factors (cure temperature, test temperature and coating thickness)
influencing ice adhesion strength and the tradeoff between them was studied. Figure 3.3 shows
the experimental setup[66] that was used for the ice release tests.
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Figure 3.2. Representative test result for ice removal. (adapted from the cited reference[66])
A: the probe starts to move toward the ice cylinder B: the probe engages the ice cylinder C:
Peak removal force “Ps”, that represents the point at which the ice cleanly dislodges from
the sample surface. D: Force reaches zero as the probe is no longer in contact with the ice.
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Figure 3.3. A. The TA Instruments RSA III DMA used for ice release
tests, B. The sample holder, probe and ice cylinder arrangement.
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3.3. Results and Discussion

Advancing and receding contact angles were obtained by the drop addition/withdrawal
method. Thicknesses were estimated from coating mass and surface area. Peak removal force was
determined at -10 and -30 ℃. Correlations with these variables were obtained.
Increasing roughness has been reported to result in increasing ice adhesion strength. [73-75]
However, this factor was not considered in this study. This was because our earlier atomic force
microscopy imaging work on Sylgard 184 surfaces showed that these surfaces were very smooth,
with Rq (roughness parameter) only about 1 nm,[3] and thus have little to no effect on surface
wetting behavior.

2.3.1. Contact angles using the Ramé Hart goniometer. The goniometer was used to measure both
static as well as drop addition/withdrawal (θA/θR) contact angles. Deionized water was used as the
probe liquid. In agreement with prior studies, all coatings cured at 30 ˚C exhibited high θA (122125˚) but low receding θR (44-54˚), while those cured at 100 ˚C had high θA (113-120˚) and high
θR (92-96˚) (Table 3.2). These values were an average of 5 measurements. The droplet figures
captured with DropImage software are shown in Figure 3.4 and 3.5. Thus Syl_30 coatings
presented a “sticky” surface whereas Syl_100 coatings, a “slippery” surface.
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Table 3.2. Contact angles obtained using goniometry for
Sylgard coatings cured at 30 ˚C and 100 ˚C

Sample

θA (˚)

θR (˚)

Static θ

Syl_30_1
Syl_30_2
Syl_30_3
Syl_30_4
Syl_30_5
Syl_30_6
Syl_30_7

125
124
124
122
124
124
125

49
46
46
54
45
44
48

111
111
106
111
109
114
112

Sample

θA (˚)

θR (˚)

Static θ

Syl_100_1
Syl_100_2
Syl_100_3
Syl_100_4
Syl_100_5
Syl_100_6
Syl_100_7

113
116
119
118
120
116
118

92
94
96
94
93
92
93

105 [0]
108
107
109
108
106
106
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Figure 3.4. Drop addition/withdrawal contact angles for Sylgard 184 coatings cured
at 30 ˚C; increasing / decreasing volume method using a Rame Hart goniometer.
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Figure 3.5. Drop addition/withdrawal contact angles for Sylgard coatings cured at
100 ˚C; increasing / decreasing volume method using a Rame Hart goniometer.
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3.3.2. Ice release tests. As described in the experimental section, ice cylinders were allowed to
freeze on the different cut sections of all the coatings at -15 ˚C for at least 2 hours. For each sample
run, the probe in the DMA chamber moved downwards until the ice cylinder was dislodged from
the coated surfaces, at a speed of 0.05 mm/s. These tests were conducted at subzero temperatures,
both -10 ˚C and -30 ˚C to evaluate the effect of the test temperature as well. Shear stress v’s
distance graphs were generated for each run using TA orchestrator v7.2.0.2. Those obtained at -10
˚C are available in the appendix (Figures A5 to A9). Figure 3.6 shows the force vs distance curve
obtained for Syl_100_1.
From all the information gathered at the end of the tests, it was observed that there was a
decrease in the peak removal force required to remove the ice from the sample surfaces with
increasing coating thickness. For both 100 ˚C and 30 ˚C cured coatings, the same trend was
observed. This is illustrated in the Figures 3.7 and 3.8 below, along with the shear stress values
detailed in Tables 3.3 and 3.4.
However, it may be plainly gathered that the shear stress values are much higher overall
for Syl_30 coatings than for Syl_100 ones, thus clearly establishing their dependence on the cure
temperature employed during the processing of Sylgard 184 coatings. As mentioned earlier, this
is a direct consequence of wetting behavior, as evidenced by receding contact angles. Clearly, ice
cylinders adhered to the “sticky” surfaces much more strongly than they did to the “slippery” ones.
Moreover, it was also seen that the test temperature also affected the shear stress values, as higher
values were obtained for lower test temperature (-30 ˚C) than at -10˚C.
Note: the force curves for Syl_30_1 and Syl_30_2 at -30 ˚C tended to be erratic giving 2
or 3 peaks. The highest point was designated as the peak removal force. The high adhesion strength
in this “extreme” scenario was at the limits of the instrument load cell and it proved to be extremely
difficult to obtain “typical” force curves, as in Figure 3.6. However, it is safe to conclude that the
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peak removal force values were very high for these coatings at -30 ˚C. An example of such an
erratic curve is shown in Figure A10 in the appendix.

Figure 3.6. Shear stress vs distance graph for Syl_100_1. The highest value of force
obtained indicated the peak removal force, or the force required to dislodge the
cylinder from the sample surface.

.
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Figure 3.7. Plots illustrating the relationship between shear stress (removal
force, kPa) and thickness of the Sylgard 184 coatings cured at 30 ˚C, at test
temperatures -10 and -30 ˚C.
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Figure 3.8. Plots illustrating the relationship between shear stress (removal
force, kPa) and thickness of the Sylgard 184 coatings cured at 100 ˚C, at
test temperatures -10 and -30 ˚C.
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Table 3.3. Shear stress vs thickness for coatings cured at 30 ˚C
Sample
designation

Shear stress, kPa
(-10 ˚C)

Shear stress, kPa
(-30 ˚C)

1

466

738

2

475

631

3

346

567

4

330

518

5

201

316

6

146

240

7

107

194

Table 3.4. Shear stress vs thickness for coatings cured at 100 ˚C
Sample
designation

Shear stress, kPa
(-10 ˚C)

Shear stress, kPa
(-30 ˚C)

1

319

400

2

278

408

3

236

350

4

198

294

5

158

248

6

121

196

7

96

166
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In earlier work,[46] it was observed that cure temperature affects the elastic modulus of
Sylgard 184, as illustrated in Figure 3.9. Sylgard 184 coatings were prepared in a 10:1 ratio, spread
on microscope slides and cured at 100 ˚C overnight. It was noted that even though the storage
modulus/elastic modulus (E’) remained fairly the same past 0 ˚C, it varied significantly at sub-zero
temperatures.[46] A decrease in E’ was observed from -30 ˚C (3.5 MPa) to -10 ˚C (2.6 MPa). From
Equation 2 (Kendall equation), the peak removal force 𝑃𝑐 ∝ 𝐾 1/2, and bulk modulus 𝐾 is related
to elastic modulus 𝐸 by the equation

𝐸 = 3𝐾(1 − 2𝜈)

Eq. 5

where 𝜈 is Poisson’s ratio. The higher 𝑃𝑐 values obtained for at -30 ˚C are thus explained by a
higher elastic modulus and consequently, bulk modulus. In conclusion, colder weather indicates
higher ice removal energy requirements.
Another point of note is that for the thinnest coatings 1 and 2, regardless of cure
temperature, the shear stress values obtained do not vary significantly. This suggests a minimum
threshold below which Sylgard 184 coating thickness no longer significantly affects the peak
removal energy. A similar trend is seen for the thickest coatings as well, demonstrating a maximum
upper limit. Thus, there is a thickness window between 20 µm – 250 µm where the peak removal
force is proportional to t1/2. In summary, the lowest shear stress for a Sylgard 184 coating was for
100 ˚C cure with a thickness of ~519 µm at the test temperature of -10 ˚C [Syl_100_7].
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Figure 3.9. Dynamic Mechanical Analysis for Sylgard 184 cured at 100 °C for 24 hr.[46]
E’= storage/elastic modulus, E”= loss modulus and tan delta = E”/E’.
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3.4. Conclusions

The main goal of this study was to investigate the effect of different variables on ice
adhesion strength for Sylgard 184 coatings, that would subsequently aid in the development of
icephobic coatings. This chapter laid down the foundation work for further exploring the
manipulation of processing conditions in the following chapters. The key variables chosen were
coating thickness, receding water contact angles θR and bulk modulus, on the basis of the
theories put forth by Kendall[2] and Gao and McCarthy.[64-65] Coating thicknesses were primarily
altered by using different speeds with a spin coater, θR was altered using high and low cure
temperatures and modulus changes were induced by conducting tests at different subzero
temperatures.
Ice release studies were conducted by an adaptation of a TA RSAIII Dynamic
Mechanical Analyzer.[66] It was observed that higher force was required to remove ice cylinders
from coatings cured at lower temperature, establishing an inverse relationship with θR,
confirming the relationship of θR with work of adhesion. Similarly, higher coating thickness
resulted in lower removal energy required. It is interesting to note that these forces required were
uniformly higher at the lower test temperature of -30˚C. Elastic modulus was shown to be higher
at the lower subzero temperatures indicating higher bulk modulus, which in turn affected ice
adhesion strength via a square root relationship (Eq 2).
It is thus shown that commercially available Sylgard coatings (250 µm) cured at 100 ˚C
for 24 hrs yielded the least force required to remove ice cylinders at a test temperature of -10˚C.
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Chapter 4
Effect of cross-link density and cure temperature on wetting behavior of Ptcured PDMS coatings (Sylgard 184) using the Wilhelmy Plate method

4.1. Introduction

4.1.1. Wilhelmy plate method for analyzing wetting behavior
The Wilhelmy plate (WP) method[76] for the determination of dynamic contact angles
(DCA) involves vertically immersing and withdrawing a sample in a test liquid. In the method
used herein, a coated coverslip is employed with water as the probe liquid. An electrobalance
monitors mass (force) acting on the sample. If the rate of immersion and emersion is constant,
contact angles are calculated by Eq. 6:

𝐹 = 𝑔𝑚 = 𝑃𝛾𝐿 cos 𝜃

Eq. 6

where F is force (mass × gravitational constant), P is the perimeter of the coverslip at the level of
the liquid surface, 𝛾𝐿 is the surface tension of the liquid and 𝜃 the contact angle. Figure 4.1
illustrates the immersion and emersion of coatings according to Wang.[77] A sensitive
electrobalance provides mass for force versus distance curves (fdc’s). The advancing contact
angle, A., is obtained by extrapolation of the immersion fdc to the force/mass ordinate. This
extrapolation eliminates the need for a buoyancy correction. Similarly, R, the receding contact
angle is obtained from the fdc during the de-wetting process. Our previous studies describe the
use of the WP method to determine wetting behavior as well as contamination of species
leaching from the coating.[3, 78-80] In particular, testing the water used after DCA on a sample
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with a flamed glass slide provides information regarding whether leached species have decreased
the surface tension of water. A recent review highlights information obtained by the Wilhemy
plate DCA method compared to sessile and dynamic drop methods.[77]
Prior work of McCarthy[64] and Johnson and Dettre[81] has been fundamental to understanding
contact angle hysteresis ( = A - R) by DCA analysis. This work has laid the foundation for
analysis of varying results for contact angle hysteresis described herein.

Figure 4.1. A. Immersion (A) and emersion (R) of a hydrophobic
coating: 1, initially in air; 2, water contact; 3, 4, increasing immersion;
5, emersion. B. Immersion (A) and emersion (R) of a hydrophilic
coating; the immersion and emersion sequence is the same as A.
(adapted from cited reference[77])
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4.1.2. Prior work

In our earlier work, dynamic contact angles were obtained for Sylgard 184 coatings cured
at three different temperatures (ambient, 60 °C and 100 °C).[3] It was found that the advancing
contact angle (CA) was independent of cure temperature, but the receding CA decreased with
decreasing cure temperature. As shown in Figure 3.1 (Chapter 3), network formation at high
temperature (100 °C) resulted in high A ~123° and high R ~85°. After network formation at
low temperatures (≤ 25 °C) A was high but R was ~34°. An intermediate R value (~46°) was
observed for cure at 60°. Thus, contact angle hysteresis  was ~ 38° for high temperature cured
sample while that for low temperature cured one was ~90°. A combination of faster
hydrosilylation and condensation of Si-OH, which resulted from crosslinker Si-H autoxidation,
was proposed to account for the increase in R with increasing cure temperature. This concept is
illustrated in Figure 4.2, that illustrates a proposed change in nanosurface chemistry in air and
water. Knowledge of processing conditions that affect receding contact angles is important as R
is proportional to work of adhesion for water (sticky vs slippery) and by analogy for ice. To
better understand the relationship of network formation conditions and R, Wilhelmy plate DCA
analysis was used.
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Figure 4.2. Figure illustrates reactions during Pt-cure, adapted from the cited refence.[3]
A1 and A2 represent the nanosurface resulting from low temperature cure, during DCA
measurements at the air and water interface respectively; B1 and B2 represent the
nanosurface during DCA measurements resulting from high temperature cure, at the air
and water interface respectively.
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We recently showed that protonated amine gradients on a silicon wafer create varying
degrees of hydrophobicity resulting in a unique sigmoidal force distance curve by WP DCA
analysis (Figure 4.3).[82] Importantly, dynamic contact angles changed continuously in response
to the extent of modification and heterogeneity along the length of the gradients. One end of the
amine gradient showed higher θA and θR whereas the other end exhibited lower values, resulting
in an S-shaped curve. Realizing the potential of WP DCA analysis to generate curves based on
subtle changes in surface chemistry, the current study adapted this method to investigate “sticky /
slippery” wetting behavior on Sylgard 184 coatings.
This investigation specifically involved creating Sylgard 184 coatings with different
crosslink ratios, 5:1, 10:1 and 20:1. i.e, 5:1 had twice (2) the amount of MDHDM crosslinking
agent as 10:1 (), and 20:1 had half (0.5). We hypothesized that varying Si-H crosslinker content
would impact the cross-link density, and the surface wetting behavior. Additionally, based on the
hypothesis that an “-Si-OH rich” nanosurface forms during low temperature cure but a
hydrophobic and mainly (CH3)2Si-O- surface forms at high temperature, a unique set of advancing
and receding force distance curves were predicted. Two temperatures were employed, 60 and 140
˚C. In addition, the effect of cure time was studied (2 and 24 hr). The potential outcome this
analysis of the cure process is that physical properties may be affected merely by changing cure
conditions and mix ratios without any complicated chemical surface modification.
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Figure 4.3. The ‘S-shaped’ contact angle-distance curve
obtained for a tetromethoxysilane coating with an amine
gradient (adapted from the cited reference[82])
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4.2. Experimental

4.2.1. Materials. A Sylgard-184 kit from Dow Corning is supplied in two parts, Sylgard-184A
(base) and Sylgard-184B (curing agent). According to the MSDS, Sylgard-184A is comprised of
dimethylvinyl terminated dimethyl siloxane (Figure 2.1, MViDMVi) dimethylvinylated and
trimethylated silica, (Figure 2.1, MViDnQ) tetra-(trimethoxysiloxy)silane (TMOS) and ethyl
benzene. Sylgard-184B is comprised of poly(dimethyl-co-methylhydrogen)siloxane, (Figure 2.1,
MDDHM) dimethylvinyl terminated poly(dimethylsiloxane), dimethylvinylated and
trimethylsilylated silica, tetramethyl tetravinylcyclotetrasiloxane (Figure 2.1, MViD4MVi) and
ethyl benzene. Network formation is accomplished by hydrosilylation catalyzed by a platinum
catalyst illustrated in Figure 2.2.

4.2.2. Methods

4.2.2.1. Coating preparation. Three sets of Sylgard 184 resin mixtures were prepared by first
hand mixing the base and curing agent in 5:1, 10:1 and 20:1 mass ratios [10:1 being the
“standard” recommended by the manufacturer]. The containers were placed in a Speed MixerDAC 150FV (Flacktek Inc., Landrum, SC). High-speed (HS) mixing was then employed at 2700
rpm for 60 s. This HS mixing process was repeated 2 times to obtain a highly viscous, bubblefree, optically transparent resin. Coverslips (Corning, 24 × 40 × 0.5 mm) were carefully dip
coated using the freshly prepared 2-component mixtures and manipulated to give even resin
distribution prior to curing. After gelation (~15 min), coverslips prepared from each container
were divided into two sets – one was cured at 60 ˚C and the other at 140 °C. Both sets were
cured for 2 h as well as 24 h. Considering the effects of differing amounts of crosslinking agent
as well as cure temperature, the 24 h cure period was chosen to give ample time for crosslinking.
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The resulting coatings are designated Syl-‘crosslink ratio’_‘cure temperature’_‘cure time’, as
follows: Syl-5:1_60_2hr, Syl-5:1_60_24hr, Syl-5:1_140_2hr, Syl-5:1_140_24hr, Syl10:1_60_2hr, Syl-10:1_60_24hr, Syl-10:1_140_2hr, Syl-10:1_140_24hr, Syl-20:1_60_2hr, Syl20:1_60_24hr, Syl-20:1_140_2hr and Syl-20:1_140_24hr.

4.2.2.2. Wilhelmy Plate Dynamic Contact Angle Analysis. Contact angles were obtained by the
Wilhelmy plate method[76] on dip coated coverslips using a First Ten Angstroms Tensiometer
(DCA-100, Portsmouth, VA) [Figure 4.4]. Glass containers used for DCA analysis were cleaned
by rinsing with Nanopure water and treated with a gas / oxygen flame. Water surface tension
(72.6±0.4 dyne cm-1) was checked before each experiment using a flamed glass coverslip. By
analyzing force versus distance curves (fdc’s), advancing (θA) and receding (θR) contact angles
were obtained via Eq. 6. Extrapolating fdc’s to the point of immersion eliminated the need for a
buoyancy correction to F. Five cycles in succession were conducted with stage speeds of 200 µm/s.
Contact angles (±1-2°) are averages of five fdc’s. Water was tested for purity after each sample
analysis to examine whether water contamination due to leaching was detectable.[78]
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Figure 4.4. The DCA-100 tensiometer used for Wilhelmy plate DCA
analysis.
http://www.firsttenangstroms.com/products/dca100/dca100.html
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4.2.2.3. Contact angle analysis using goniometry Static contact angles were obtained using a
Ramé-Hart goniometer equipped with an LCD camera. Deionized water (∼18.2 MX) was used as
the probe liquid. A water drop was placed on the coated surface and the image was captured
immediately. Advancing and receding contact angles were obtained by the drop addition /
withdrawal method employing Ramé-Hart DROPImage Advanced software version 2.10.11.
Average values were obtained from 5 observations.

4.2.2.4. Droplet mobility. Drop images for tilted slides provided a supplemental measure of
receding contact angles. Two of the coatings were chosen for this test, namely Syl-10:1_60_24 hr
and Syl-10:1_140_24 hr. Water drop mobility tests were done by placing a 25 μL water drop on
one end of a series of coatings and tilting until droplet roll off was observed. This test provided a
qualitative measure of water drop adhesion due to θR for the two coatings. A video was taken to
capture this mobility.

4.2.2.5. ATR-IR spectroscopy. A Thermo Scientific Nicolet iS10 spectrometer equipped with a
Smart iTR attachment and a germanium crystal was used for ATR-IR spectra. The Smart-iTR
attachment employs a pressure of ~40 psi that is achieved by placing the sample on the Ge
crystal and turning a knurled knob until a “click” is obtained. Spectra were analyzed using Omnic
software. The influence of curing temperature on the presence or absence of the -Si-H absorption
at 2150 cm-1was investigated. At 2150 cm-1, the depth of penetration of the evanescent wave is
~301 nm. A calculation is provided in the appendix (A2).
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4.3. Results and Discussion

4.3.1. Dynamic contact angles using Wilhelmy Plate method. Dynamic contact angles by the
Wilhelmy plate method were obtained using an FTA DCA-100 analyzer with water as the probe
liquid. The immersion and emersion speeds were constant at 200 µm/s while a total of 5 cycles
were obtained for each coating. Superposable force distance curves were obtained for all 5 cycles
for all the coatings [Figures 4.5 and 4.6]. Table 4.1 lists A and R obtained for all coatings
(averages of 5 cycle measurements). DCA of the post-analysis water gave no evidence of
leached species for any coating.
Syl-10:1 coatings confirmed previously observed contact angle dependence on cure
temperature.[3] The 60 ˚C cure coatings showed low receding contact angles (32˚-45˚) while 140
˚C cure coatings had higher θR, in the 76-81˚ range. Longer cure time resulted in similar A for
all Syl-10:1 coatings (~ 121˚). Interestingly, θR was low (~34˚) for all Syl-20:1 coatings,
regardless of cure temperature and did not change with cure time. θA was once again similar for
all Syl-20:1 coatings (~ 125˚). It is hypothesized that the low θR for Syl-20:1 coatings even for
high cure temperature is due to the low concentration of Si-OH from autoxidation coupled with
network constrained diffusion which prevents condensation (to –Si-O-Si-). Hence, θR remained
largely unaffected even at 140 ˚C.
Syl-5:1_60 coatings showed a dynamic wetting behavior not previously observed. While
θA was high ~ 130˚, θR from fdc’s s were not consistent, and varied from 26-52˚. This gradientlike behavior was reproduced for all 5 cycles. Changing the speed of the immersion and
emersion and increasing dwell (immersion) time did not result in a different outcome. The results
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are characteristic of a gradient having polar moieties, but the cause is not understood fully at
present and will be the subject of future work.
In contrast to 60 °C cure, Syl-5:1_140 coatings displayed high θA (~120˚) and high θR (~
84˚) regardless of cure time. These results are attributed to depletion of Si-H by hydrosilylation
and autoxidation of remaining Si-H to Si-OH and condensation to –Si-O-Si- at this high
temperature cure condition.

Table 4.1. Dynamic contact angles obtained (average of 5 cycles) for the coatings using the
Wilhelmy Plate method
Sample

A (˚)

R (˚)

Syl-5:1_60_2hr
Syl-5:1_60_24hr
Syl-5:1_140_2hr
Syl-5:1_140_24hr
Syl-10:1_60_2hr
Syl-10:1_60_24hr
Syl-10:1_140_2hr
Syl-10:1_140_24hr
Syl-20:1_60_2hr
Syl-20:1_60_24hr
Syl-20:1_140_2hr
Syl-20:1_140_24hr

131
128
120
119
122
123
120
118
124
128
122
124

27-52*
26-50*
83
85
32
45
76
81
34
30
33
37

*Receding contact angles varied as a result of non-linear force distance curve, as illustrated in
Fig. 4.5.
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Figure 4.5. DCA force distance curves obtained for Sylgard coatings cured at 60 ˚C
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Figure 4.6. DCA force distance curves obtained for Sylgard coatings cured at 140 ˚C.
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4.3.2. Contact angle analysis using goniometry. The Ramé-Hart goniometer was used to measure
advancing and receding contact angles via drop addition/withdrawal. Contact angles listed in
Table 4.2 are the average of 5 measurements, with standard deviations ranging from 1 to 3˚.
Contact angles were examined to discern differences between Wilhelmy plate DCA and
goniometry that might arise due to procedural differences. Droplet images captured with
DropImage software are shown in Figure 4.7 and 4.8 while contact angles are listed in Table
4.2. Consistent trends were expected especially for “sticky” and “slippery” behavior, regardless
of method used.
Syl-10:1 coatings cured at 60 °C exhibited θA of ~120˚ and relatively low θRs (50-67˚)
compared to those for 140 ˚C cure, which was similar to results from WP-DCA. There was also
an effect of cure time on Syl-10:1_60 coatings. Receding CAs were low (50˚) for 2 hr cure but
high for 24 hr cure (67˚). This is the same trend observed with WP-DCA analysis. These findings
for process dependent receding contact angles those obtained previously by Wang.[3]
Remarkably, advancing contact angles (~122˚) and receding contact angles (~ 48˚) for Syl20:1 coatings were independent of cure temperature and time. High contact angle hysteresis
(≥70°) was thus observed for all Syl-20:1 coatings These results also followed those obtained by
WP-DCA.
All Syl-5:1 coatings had high θA ~118˚ and high θR, ranging from 91˚ (Syl-5:1_60_2hr) to
105˚ (Syl-5:1_140_24hr). Thus, all Syl-5:1 coatings had “slippery” surfaces characteristic of
high θR. Results for Syl_5:1_60 coatings stand in contrast to WP DCA results, which are
discussed in a separate section.
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Table 4.2. Contact angles obtained (average of 5 measurements) for the coatings using the
Ramé-Hart goniometer by drop addition/withdrawal.
Sample

A (˚)

R (˚)

Syl-5:1_60_2hr
Syl-5:1_60_24hr
Syl-5:1_140_2hr
Syl-5:1_140_24hr
Syl-10:1_60_2hr
Syl-10:1_60_24hr
Syl-10:1_140_2hr
Syl-10:1_140_24hr
Syl-20:1_60_2hr
Syl-20:1_60_24hr
Syl-20:1_140_2hr
Syl-20:1_140_24hr

118
119
117
117
122
121
119
116
122
124
121
122

91
97
99
105
50
67
90
98
45
48
45
53

*Receding contact angles varied as a result of non-linear force distance curve, as illustrated in
Fig. x.
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Figure 4.7. Water contact angles for Sylgard coatings cured at 60 ˚C by drop
addition/removal using a Ramé Hart goniometer.
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Figure 4.8. Water contact angles for Sylgard coatings cured at 140 ˚C by drop
addition/removal using a Ramé Hart goniometer.
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4.3.3. Droplet mobility. Droplet roll-off tests were conducted for Syl-10:1_60_24hr and Syl10:1_140_24hr to provide a visual translation for the impact of differing receding CAs. Distilled
water (25 µl) was pipetted on one end of each coating while horizontal. These coatings were then
tilted slowly until at least one of the droplets started to roll. A video was captured to show this
mobility. Frames from this video showing droplet travel are provided in Figure 4.9. Droplet rolloff for Syl-10:1_140_24hr occurred at a tilt angle greater than 60˚, while the droplet adhered to
Syl-10:1_60_24hr even at 90˚ tilt angle. This confirms excellent slippery behavior for Syl10:1_140_24hr but “sticky” adhesion for Syl-10:1_60_24hr.[3]

4.3.4. ATR-IR spectroscopy. ATR-IR spectra were acquired with a Thermo Scientific Nicolet
iS10 spectrometer using a Ge crystal. The influence of curing temperature on the presence or
absence of -Si-H at 2150 cm-1 was investigated.[83] Si-H absorptions are shown in Figures 4.10,
4.11 and 4.12 for Syl-5:1, Syl-10:1 and Syl-20:1 coatings respectively. Peak areas at 2150 cm-1
were obtained and listed in Table 4.3.
In keeping with crosslinker feed, the overall Si-H peak areas are highest for Syl-5:1
coatings and lowest for Syl-20:1 coatings, (5:1 > 10:1 > 20:1). Hence, direct comparisons of
peak areas could not be made among the three sets of coatings. However, the difference in peak
areas within each set were compared to assess effects of cure time and temperature. For Syl-5:1
and Syl-10:1 sets, the highest Si-H peak area was observed for the 60_2hr coatings. Peak areas,
steadily decreased with increased in cure time and temperature. Lowest peak areas were found
for 140_24hr coatings. Autoxidation of Si-H to Si-OH accounts for diminished peak area with
increasing temperature or time. Interestingly, there was little difference in peak areas for Syl-
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20:1 coatings. This finding is attributed to low initial Si-H content that limited detection of the
Si-H peak.

Figure 4.9. Droplet mobility of droplet on Syl-10:1_60_24hr and Syl10:1_140_24hr coatings: A, at tilt angle < 60 ˚; B, at tilt angle > 60 ˚.
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Figure 4.10. Si-H absorption for Syl-5:1 coatings: A, Syl-5:1_60_24hr; B, Syl-5:1_140_2hr;
C, Syl-5:1_60_2hr; D, Syl-5:1_140_24hr.
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Figure 4.11. Si-H absorption for Syl-10:1 coatings: A, Syl-10:1_140_2hr; B, Syl10:1_60_2hr; C, Syl-10:1_60_24hr; D, Syl-10:1_140_24hr.
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Figure 4.12. Si-H absorption for Syl-20:1 coatings: A, Syl-20:1_60_24hr; B, Syl20:1_140_2hr; C, Syl-20:1_60_2hr; D, Syl-20:1_140_24hr.
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Table 4.3. ATR-IR Si-H peak areas for Sylgard 184 coatings, at 2150 cm-1
Sample
Syl-5:1_60_2hr
Syl-5:1_60_24hr
Syl-5:1_140_2hr
Syl-5:1_140_24hr

Si-H peak area
0.037
0.028
0.028
0.026

Syl-10:1_60_2hr
Syl-10:1_60_24hr
Syl-10:1_140_2hr
Syl-10:1_140_24hr

0.012
0.014
0.014
0.007

Syl-20:1_60_2hr
Syl-20:1_60_24hr
Syl-20:1_140_2hr
Syl-20:1_140_24hr

0.0026
0.0014
0.0017
0.0021
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4.3.5. WP-DCA analysis vs. drop roll off for Syl-5:1-60 coatings. In order to address the
difference between gradient-like WP-DCA force distance curves [Figure 4.5] and contact angles
by increasing/withdrawal of drops by goniometry for Syl-5:1_60 coatings, two additional
experiments were conducted. First, using a droplet roll-off test showed both Syl-5:1_60_2hr and
Syl-5:1_60_24hr presented a “slippery” surface with droplet roll off at tilt angle of 90˚). This
behavior agreed with goniometry θR results (R 91˚ and 97° respectively, Table 4.2).
Secondly, dynamic contact angles were obtained for Syl-5:1_60_2hr by increasing the
speed of immersion and emersion to 500 µm/s instead of 200 µm/s. Single gradient-like force
distance curves are shown in Figure 4.13 for the two immersion speeds. Individual sets of fdc’s
were superposable over 5 cycles. Steadily changing receding fdc’s were still observed for the
more rapid stage speed but the curves are offset resulting in higher receding contact angles at
corresponding depths of immersion. In summary, θA decreased from 131˚ to 120 ° and θR
increased from 27-52˚ to 60-71° as the stage speed was increased from 200 µm/s to 500 m/s. The
increased stage speed reduced contact angle hysteresis from ~91 to ~55°.
DCA data show that receding contact angles has a dependence on the rate of motion of
the three-phase contact line. Differences in wetting behavior are ascribed to the three-phase
contact line being under shear in the Wilhelmy plate experiment, but further work is required to
understand details. Receding contact angles from drop addition/removal (15 µl) [Table 4.2] and
roll off angles < 60° for 25 µl drops clearly indicate that Syl-5:1_60 coatings are “slippery”.
DCA analysis shows that there is a reversible change in near surface chemistry that happens
within the course of 1 cycle (1 min and 20 seconds at 200 µm/s speed and 32 seconds at 500
µm/s speed). This may be attributed to the excess Si-H (and/or Si-OH) present in all Syl-5:1_60
coatings. Upon immersion into water, water may physisorb to excess Si-H (and/or Si-OH)
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causing the surface to exhibit changing receding contact angles, but the high degree of primary
crosslinking (hydrosilylation) perhaps constrains this surface reorganization, yielding a nonlinear force curve. This trend is apparently difficult to observe with goniometry and hence may
explain the discrepancy. The exact mechanism is not well understood but peak removal force for
removal of ice discussed in Chapter 6 helps elucidate what receding contact angles are indeed
characteristic of these Syl_5:1_60 coatings.

Figure 4.13. Force distance curves obtained for Syl-5:1_60_2hr. Black
curve represents that at 200 µm/sec, and red curve, at 500 µm/s.
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4.3.6. Discussion on crosslinking kinetics. The proposed model (Figure 2.3, Chapter 2) raises a
question about the area fraction of near surface Si-OH groups that give rise to low receding CAs.
Previously, a model PDMS system (10:1 PDMS to crosslinker) was prepared (designated as
DViDH, consisting of Vinyl terminated polydimethylsiloxane (MW 28 kDa),
methylhydrosiloxanedimethylsiloxane copolymer, trimethylsiloxy terminated [crosslinker] (MW
900-1200 Da, MeHSiO 50-55 mole%) and platinum-divinyltetramethyldisiloxane complex[3] To
generate Pt cured elastomers similar to Sylgard 184 but of known composition and without a
siliceous filler, DVDH samples were made in a manner analogous to that described by
McCarthy.[84] The details of this preparation is described in the appendix section (A3).
For this model system the Si-OH area fraction may be estimated based on stoichiometry,
molecular weights and geometric considerations (detailed calculations provided in the appendix,
A4). The feed DVi/DH weight ratio is 10:1 giving a mole ratio of SiO(CH3)2 to SiO(H)CH3 of
19:1 and a mole ratio of SiO(CH3)2CH=CH2 to SiO(H)CH3 of 1:10. From this analysis, ~10% SiH moieties are used in hydrosilylation so that vinyl content is consumed leaving
excess -SiO(H)CH3. Assuming complete autoxidation of Si-H, the mole ratio of SiO(CH3)2 to
SiO(OH)CH3 segments is ~21:1. Johnson and Dettre and others[85] found receding CAs were
highly variable at low area fractions of polar moieties on a surface.[86-87] Keeping in mind high
PDMS chain flexibility due to an exceptionally low Tg (~ -120 °C), a 5% area fraction of near
surface Si-OH reasonably accounts for rapid “Dynamic Wetting” (DW) and receding CAs that
are less than 50° and stable for at least one month.[3] Independently, stability of receding CAs <
50° for low temperature cured Sylgard 10:1 coating has been confirmed for at least 3 months in
this work.
For coatings with PDMS:crosslinker ratios 5:1 and 20:1, the percent area fraction of
nanosurface Si-OH is estimated at approximately 10% and 2.5% respectively. However, as seen
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from the wetting behavior and ATR-IR results for Sylgard coatings in the current study, 5:1
coatings have increased crosslinker content resulting in high receding CAs (from goniometry) even
at low cure temperatures of 60 ˚C. It is concluded that the high Si-H from the MDDHM crosslinker
results in Si-OH entrapment in the bulk of the coating by hydrosilylation, providing a hydrophobic
surface even for low temperature cure. At 140 ˚C cure, 5:1 coatings underwent secondary network
formation by condensation of the Si-OH groups, leading to high receding CAs.
While the theoretical prediction of 2.5% area fraction of near surface Si-OH is sufficient
to contribute to low receding contact angles for 20:1 coatings at low temperature cures, it is
interesting to note that even at high temperature cure of 140 ˚C, θR was still low. This may be
because the distribution of the Si-H crosslinker groups is so sparse (only 2.5 % area fraction) on
the surface, that close proximity required for condensation to Si-O-Si groups does not take place.
Hence Si-OH groups remain intact even at 140 ˚C, resulting in low receding contact angles.

4.4. Conclusion

Sylgard coatings were generated by changing crosslink density. This was accomplished
by the employing three base to crosslinker mass ratios: 5:1, 10:1 and 20:1. The 5:1 gives the
highest crosslinker (Si-H content) and 20:1, the lowest. Cure time and temperature were also
varied, which gave important insights into the kinetics of cure chemistry and network formation.
Wetting behavior was analyzed through Wilhelmy plate DCA analysis as well as goniometry. As
yet unexplained force distance curves for 5:1 coatings via DCA analysis, are considered
anomalous as results from goniometry by addition/removal of a water drop and “slippery”
behavior for water drop run off demonstrated high advancing and receding CAs. That is, all Syl5:1 coatings exhibited high θA as well as θR. Syl-10:1_140 coatings also exhibited this same
behavior. However, all Syl-20:1 coatings showed low θR due to the likelihood that sparsely
66

distributed Si-OH moieties, which were constrained by the hydrosilylation network, did not
undergo condensation even at 140 ˚C because of the lack of proximity.
Droplet run off tests further confirmed how differing receding contact angles directly
impacted water adhesion. ATR-IR data revealed how Si-H moieties of the crosslinking agent
depleted with increasing time and temperature for Syl-5:1 and Syl-10:1 coatings. From all the
surface characterization data, several coatings were chosen as candidates for further studies. On
the basis of high θR, Syl-5:1_60_2hr, Syl-5:1_60_24hr, Syl-5:1_140_2hr, Syl-5:1_140_24hr,
Syl-10:1_140_2hr and Syl-10:1_140_24hr were chosen Another important aspect to be
investigated was nanosurface modulus, which is discussed in the following chapter.
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Chapter 5
Peakforce QNM as a tool to measure the nanosurface elastic modulus of
Sylgard 184

5.1. Introduction

Mechanical properties are essential to engineering coatings, including flexibility,
durability, stiffness and/or strength. For two-part silicone elastomers, stiffness can be controlled
by addition of filler and by control of cross-link density through changing the ratio of vinylcontaining base to Si-H crosslinking component.[88] For example, increasing cross-link density
increases the elastic modulus.[89]
Mechanical properties are often evaluated using universal testing machines (UTMs)[55, 90]
but these instruments require special load cells to evaluate low modulus silicones.[91] Dynamic
Mechanical Analysis (DMA) was previously used by Wang for evaluating mechanical properties
of Sylgard 184,[46] but this method is not practical for fragile thin films (<100 µm). Similarly,
the custom-built macroscopic compression test setup employed by Wang for Sylgard 184[88] is
not practical for thin coatings. Liu et. al employed a microforce tester (MTS Tytron® 250) for
obtaining stress-strain curves for such thin specimens but sample preparation involved several
complicated steps.[92]
For thin polymer coatings, AFM-based techniques are well suited for the determination
of elastic properties at the nanoscale. In our earlier work, nanoindentation was employed to
characterize the nanomechanical properties of polyurethane surfaces modified with a fluorous
oxetane siliceous-network hybrid.[93] Modulus was found to differ among phase separated
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features within the nanosurface. However, as noted by Morales-Rivas,[94] the observed modulus
can be affected by changing contact area, adhesion effects or even tip contamination.
The technique chosen for Pt-cured Sylgard 184 is Peak Force quantitative
nanomechanical mapping (PF-QNM), which is an AFM mode that facilitates mapping elastic
modulus, or Young’s modulus with nanometer lateral resolution.[95-97] Recent improvements in
calibration methods, software analysis, level of control and flexibility encouraged the use of this
AFM-based method for mechanical property investigation.[98] In this AFM mode, the tip engages
the sample intermittently without damage, thus eliminating lateral forces. The force between the
tip and sample is controlled using a continuous feedback loop. Force curves are generated for
each pixel (or tip oscillation) of the area being scanned and are simultaneously evaluated and
used for calculating the modulus. In a typical 5 x 5 µm scan at 128 x 128 resolution, 16384
points of information are obtained providing a nanoscale map of properties that includes
deformation, adhesion, dissipation and modulus. Calculations are based on the cantilever spring
constant and tip geometry, which are evaluated by a calibration process before beginning a scan.
The software used for this study employed the Derjaguin–Müller–Toporov (DMT) model
for fitting data.[99] This model takes into consideration adhesion forces between the sample
surface and the tip, according to Eq 7:

𝐹 − 𝐹𝑎𝑑ℎ = (

4𝐸𝑅 √𝑟𝑑 3
3

−1

)

Eq. 7

Where ER is the calculated modulus, F is the applied force on the tip, Fadh is the adhesive force
between the AFM tip and sample, r is the tip radius, and d is the indentation depth.
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This calculated modulus is the reduced modulus, which is related to the sample modulus Es by
Equation 8:
1−𝑣𝑇2

𝐸𝑅 = (

𝐸𝑇

+

1−𝑣𝑆2
𝐸𝑆

−1

)

Eq. 8

Where 𝑣𝑆 and 𝑣𝑇 are the respective Poisson’s ratios of the sample and tip/indenter and 𝐸𝑇 is the
indenter modulus. Because samples under investigation are soft silicones and the tip is silicon,
the assumption 𝐸𝑇 ≫ 𝐸𝑆 can be made, resulting in Eq 9, a simplified version of Equation 8.

𝐸𝑠 = 𝐸𝑅 (1 − 𝑣𝑠2 )

Eq. 9

An alternative Sneddon model[100] is generally more suitable for soft samples than the
DMT model.[101] However, the Sneddon model has higher accuracy for large indentations (unlike
the case in this study) and it does not take into account the effect of adhesion forces. Thus, this
model was not used as preliminary results with a PDMS standard showed that the modulus was
overestimated.
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Figure 5.1. Typical force curves obtained for PF-QNM; adapted from the cited
reference.[102]
F1: Force vs time curve showing the different stages of probe action. When the probe
approaches the sample (A), it is pulled toward the surface by attractive forces, which are
mainly capillary, Van der Waals and electrostatic forces. At B, those negative forces
become higher than the cantilever stiffness, which causes the tip to be pulled to the surface
and then to start indenting into the sample until the Z-position of modulation reaches a
maximum (C). This position is the maximum peak force, which is used for feedback
control. After this point, the probe starts withdrawing until it reaches the pull-off point D,
the maximum adhesion point that corresponds to the minimum force. Then the tip
continues retracting and reaches its original position (E) where (as in A) a force field does
not affect its motion.
F2: Force vs separation curve showing the different mechanical properties that may be
calculated.[103]
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The PF-QNM method has been used to study the nanomechanical properties of several
polymers.[98, 104] For example, polyurethanes were analyzed with PF-QNM and the elastic moduli
obtained were found to be in good agreement with those obtained from DMA when the
appropriate probe, fit model and calibration methods were used.[105]
Figure 5.1 provides a force-separation plot illustrating the types of information that can
be obtained. The most commonly used quantities are elastic modulus, tip-sample adhesion,
energy dissipation, and maximum deformation. In Figure 5.1, F2, the blue curve represents the
approach by the cantilever while the red curve is withdrawal from the sample. Because of
proposed nanosurface chain dynamics, a key quantity investigated in this study was adhesion. As
the cantilever withdraws from the sample, the force decreases until reaching a minimum. Tip
adhesion is given by the force at this point, or “pull-off” force, as illustrated in Figure 5.1, F2.
The source of this adhesion is any attractive force between the tip and sample. According to
Pittenger, in air, van der Waals and electrostatic forces, and forces due to formation of a capillary
meniscus can all contribute with the relative strengths of the contributions depending on
parameters such as Hamaker constants, surface charges, and hydrophilicity.[106]
Adhesion of the silicon tip, which has an oxide layer and an -Si-OH outermost layer is
expected to be directly impacted by Si-OH hydrogen bonding with the sample. That is, adhesion
is expected to be strongly influenced by the area fraction of hydrophilic moieties on the scanned
surface. It is pertinent to study these surface characteristics in anticipation of investigating ice
adhesion to Sylgard 184 described in Chapter 6.
In summary PF-QNM simultaneously collects real-time force-distance curves at every
individual oscillation as well as the usual topographical images acquired during conventional
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tapping-mode AFM. This allows the user to correlate nanoscale surface features with differences
in modulus.

5.2. Experimental.

5.2.1. Materials. A Sylgard-184 kit from Dow Corning is supplied in two parts, Sylgard-184A
(base) and Sylgard-184B (curing agent). According to the MSDS, Sylgard-184A is comprised of
dimethylvinyl terminated dimethyl siloxane (Figure 2.1, MViDMVi) dimethylvinylated and
trimethylated silica, (Figure 2.1, MViDnQ) tetra-(trimethoxysiloxy)silane (TMOS) and ethyl
benzene. Sylgard-184B is comprised of poly(dimethyl-co-methylhydrogen)siloxane, (Figure 2.1,
MDDHM)

dimethylvinyl

terminated

poly(dimethylsiloxane),

dimethylvinylated

and

trimethylsilylated silica, tetramethyl tetravinyl cyclotetrasiloxane (Figure 2.1, MViD4MVi) and
ethyl benzene. Network formation is accomplished by hydrosilylation catalyzed by a platinum
catalyst illustrated in Figure 2.2.

5.2.2. Methods.

Sylgard 184 coatings were prepared for this nanomechanical property investigation as
described in Chapters 3 (preliminary ice release study) and 4 (crosslink density study). As
described in Chapter 4 the ratio of Part A to Part B was varied, which results in changing the
ratio of vinyl / Si-H. Designations for Sylgard 184 coated coverslips (5:1, 10:1 or 20:1) follow
the mass ratio of Part A, which is comprised mainly of divinyl PDMS (5, 10 and 20) to Part B
(Si-H crosslinker). Further, the cure temperature (either 60 or 140 ℃) is designated: Syl-5:1_60,
Syl-5:1_140, Syl-10:1_60, Syl-10:1_140, Syl-20:1_60 and Syl-20:1_140. Similarly, Sylgard 184
coated microscope slides are designated Syl_1_100, Syl_2_100 etc. (cured at 100 ˚C) and
Syl_1_30, Syl_2_30 etc. (cured at 30 ˚C). As described in Chapter 3, the numbers 1, 2, 3 up to 7
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represent coating thicknesses: 1 is the thinnest and 7 is the thickest. In addition, a Sylgard
coating was cured in a temperature gradient as described below.

5.2.2.1. Sylgard gradient coating. To create a temperature gradient, one end of a microscope
slide was placed on a hot plate at 200 °C while the other end was on a platform at room
temperature [Figure 5.2]. The slide was leveled and held for ~20 mins to develop a stable
temperature gradient. The gradient temperature was monitored using a hand held infra-red
thermometer device (General® Tools, IRT207). The end of the slide on the hot plate was
~150 ˚C (edges of the hot plate are at a lower temperature compared to the center) while the
unheated end was ~27 ˚C [Figure 5.3].
The Sylgard 184 coating cured in a thermal gradient was prepared using the 10:1 ratio as
described in Chapter 3. The freshly prepared resin (0.5 g) was spread on a cleaned and flamed
microscope slide. The coated slide was placed on the pre-heated microscope slide with the
thermal gradient in a fume hood for ~24 hr. The coated slide was removed from the thermal
gradient and kept at ambient temperature for 3 days to ensure adequate network formation at the
cold end, i.e. until the coating at the cold end was tack-free. To indicate the cure temperature, the
hot end of the gradient coating was designated Syl-10:1_150 and the cold end as Syl-10:1_27.
Figure 5.3 shows an image of the cured gradient coating.
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Temperature gradient created
Plain microscope slide
used for heat conduction

Sylgard coating

Hot plate
(~200 ˚C)

Cold plate
(~22 ˚C)

24 hrs on gradient plates, followed by 3 days at ambient temperature.
Figure 5.2. Schematic setup for preparation of Sylgard gradient coating.

Figure 5.3. Optically transparent Sylgard 184 gradient coating on a microscope slide.
H denotes the hot end (Syl-10:1-150), and C, the cold end (Syl-10:1_27).
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5.2.2.2. Modulus: PeakForce Quantitative Nanomechanical Mapping (PF-QNM). A Dimension
FastScan AFM (Bruker) was used for mechanical, morphological and topological analysis of
Sylgard 184 coating surfaces (Figure 5.4). The Dimension Icon scanner head was used for this
study. For PF-QNM, silicon nitride cantilevers (0.4 N/m) with silicon tips (designated ScanAsyst
Air, Bruker) were employed as recommended by the manufacturer.[107] Calibrations for spring
constant and deflection sensitivity were conducted using a sapphire standard provided in the PFQNM kit (PFQNM-SMPKIT-12M, Bruker). The tip radius was calibrated by determining the
depth of penetration for a titanium standard (also provided in kit). The force curve analysis on
the Ti standard provided the corrected tip radius based on the depth of penetration.
For sample analysis, the peak force set point was 2 nN, the frequency was 0.5 kHz, the
scan rate was 0.5 Hz and Poisson’s ratio was 0.5. The latter is the standard value used for
crosslinked PDMS at strains below 45%.[108] Force curves and images with scan dimensions of 5
x 5 μm were obtained using the ‘Peakforce Capture’ function to probe microscale and nanoscale
morphology and mechanical properties. Average moduli were obtained using the DMT model.[99]
Scanned images were analyzed using Nanoscope Analysis software, version 1.8. Height and 3-D
height images were also obtained to assess morphological features and roughness (shown in
Chapter 6).
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Fig 5.4. Dimension FastScan System Configuration:
(1) Acoustic and vibration isolation enclosure; (2) Scanners; (3) Ultra-Stable highresonance microscope base; (4) 30” Monitor and FastScan NanoScope software; (5)
Computer; (6) NanoScope V, Stage controller
https://www.bruker.com/products/surface-and-dimensional-analysis/atomic-forcemicroscopes/dimension-fastscan/technical-details.html

77

5.2.2.3. Adhesion: PeakForce Quantitative Nanomechanical Mapping (PF-QNM). Considering
that the Sylgard surfaces have network chemistry dependent on processing conditions, as shown
in Figure 4.2 and discussed extensively in Chapter 4, special focus of this research was on
adhesive forces measured by PF-QNM. This information was obtained from the adhesion
channel that reflected real time forces with each tip-surface contact. Mapping adhesive forces
was expected to be useful for assessing polar tip-nanosurface interactions due to varying network
chemistry. The success of this approach supports contact angle measurements described in the
Results and Discussion section. However, as discussed further in Chapter 6, adhesive forces
cannot be directly correlated to contact angles as CAs are sensitive to polarity present in nearsurface (1-3 nm), whereas PF-QNM at 2 nN peakforce on homogeneous coatings processed at
low or high temperatures probes the surfaces at the sub-meso level (20-50 nm).
Initially, PF-QNM in water was thought to be a promising path toward differentiating tip
adhesion in air. Experimental difficulties precluded validating this idea. Measurements of
adhesion investigated via this method have been discussed in detail and provided in the appendix
(A5, A6, Figure A1 and Table A1). PF-QNM scans in air for the respective ends of the gradient
coating, viz., Syl-10:1_27 (cold end) and Syl-10:1_150 (hot end) were thus conducted. The
results that clearly delineated differences in tip adhesion due to processing conditions are main
subjects of this chapter.

5.2.2.4. Contact angle analysis. Contact angles were obtained using a Ramé-Hart goniometer
equipped with an LCD camera. Deionized water (∼18.2 MX) was used as the probe liquid.
Dynamic (advancing and receding) contact angles were obtained by volumetrically expanding and
contracting a water drop with by means of a syringe. Images were captured and analyzed using the
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DROPImage Advanced software version 2.10.11. Average values were obtained from 5
observations.

5.2.2.5. ATR-IR spectroscopy. A Thermo Scientific Nicolet iS10 spectrometer equipped with a
Smart iTR attachment and a Ge crystal was used for acquisition of ATR-IR spectra on Sylgard
gradient coatings. The Smart-iTR attachment employs a pressure of ~40 psi that is achieved by
placing the sample on the Ge crystal and turning a knurled knob until a “click” is obtained.
Spectra were analyzed using Omnic software. Hydrosilylation and / or hydrolysis-condensation
cure takes place depending on network forming conditions. The influence of curing temperature
on the presence or absence of -Si-H at the wavenumber range 2150 cm-1 was investigated. At
2150 cm-1, the depth of penetration of the evanescent wave is ~301 nm. A calculation is provided
in the appendix section (A2).

5.3. Results and Discussion

5.3.1. Modulus and adhesion measurements using PF-QNM. PeakForce Quantitative
Nanomechanical Mapping (PF-QNM) scanning was carried out in air using ScanAsyst Air AFM
tips, at a peakforce setpoint of 2 nN and frequency of 0.5 kHz. Poisson’s ratio was assumed to be
constant; at 0.5 for all the PDMS sample surfaces.[109] DMT moduli were calculated using PFQNM on all Sylgard coatings described in Chapters 3 and 4. A typical force curve that was
obtained is shown in Figure 5.5.
Adhesion measurements are affected by the surface energy of the tip and the functionality
of the outermost surface of the substrate. Adhesion forces can be affected by external factors
such as humidity and contaminants on the tip. Therefore, the same unused cantilevers were used
for data acquisition to assure a consistent set of data that provided reliable trends.
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ScanAsyst-Air cantilevers employed in this study have silicon tips that are covered by a
thin oxide layer due to autoxidation in air.[110] The surface energy of silicon ranges between 1
and 1.4 N/m but that of silicon oxide can be as high as 3.5 N/m.[110] The presence of -Si-OH on
the surface of the oxide layer had a direct impact on the adhesion properties measured. Moduli
and adhesion forces for Sylgard coatings are provided in Table 5.1 (coatings with different
thicknesses and cure temperatures) and Table 5.2 (coatings of varying crosslink densities, cure
times and cure temperatures).

5.3.1.1. Syl_100 and Syl_30 coatings from Chapter 3. Differences in coating thickness did not
have a discernable impact on the Young’s modulus. This is not surprising as PF-QNM is a
nanosurface analysis technique and deformations applied are small compared to microscale
coating thicknesses. PF-QNM probed the surfaces at the “sub-meso” level that is between 20 and
50 nm. The probe depth is dependent on the force employed and the adhesion encountered.
From moduli for coatings cured at 30 or 100 ˚C, it was seen that coatings cured at 100 ˚C
exhibit higher moduli (Table 5.1). For 100 ˚C cure, moduli ranged from 3.2-3.8 MPa while cure
at 30 ˚C resulted in moduli from 1.9-2.8 MPa. The difference in moduli for low and high
temperature cure is well outside experimental error (s.d. no more than 0.3 MPa). This trend is
similar to that obtained by Johnston, et al., where coatings cured at 25 ˚C had Young’s modulus
of 1.32 MPa and those cured at 100 ˚C had a modulus of 2.05 MPa (measured with a UTM).[55]
Modulus has a significant impact on ice adhesion, which is discussed in Chapter 6.
The increased modulus for 100 versus 30 °C cure is attributed to a difference in the extent
of network formation. According to our model based on contact angle analysis and ATR-IR
spectroscopy,[3] network formation at low temperatures is principally due to Pt catalyzed
hydrosilylation, whereas cure at higher temperatures may involve additional hydrosilylation as
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well a second network due to condensation of Si-OH moieties produced by autoxidation of
excess Si-H on the MDHDM crosslinker [Figure 2.3, Figure 5.7].
For coatings cured at 30 ˚C or 100 ˚C adhesion force decreased at the higher cure
temperature. On average, adhesion was significantly higher for Syl_30 coatings (average 3.53
nN with 0.14 s.d.) than those for Syl_100 (average 1.89 nN with 0.11 s.d). This finding is
attributed to the relatively high-volume fraction of Si-OH in sub-mesosurface for Syl_30
coatings interacting with -Si-OH groups on the native oxide layer of the silicon tip. A schematic
model for this relatively strong interaction is shown in Figure 5.7. Tip adhesion is considerably
lower for Syl_100 coatings due to a decreased sub-mesosurface concentration of Si-OH, due to
condensation/crosslinking of Si-OH moieties. The main contributing factor to adhesion is
ascribed to the Si-OH moieties on the tip interacting by hydrogen bonding or other polar
interfacial interactions to the Si-OH groups on the sub-mesosurface of the coatings from
autoxidation of excess Si-H.
Figure 5.6 shows PF-QNM data (5 x 5 µm images) obtained for Syl_30_2, with height,
modulus and adhesion maps. These images are typical for all Sylgard 184 coatings investigated
in this study. False color imaging revealed certain features, where lighter color indicated high
higher modulus/adhesion, which was attributed to the silica filler present in the Sylgard matrix
(about 30-50%, Figure 2.1). These light features (50-100 nm) had a higher modulus than the rest
of the matrix, as is evidenced by the color scale next to the image [Figure 5.6]. The root mean
square roughness (Rq) of the scanned areas was 2-4 nm. Thus, surface roughness did not
contribute to adhesion measurements or contact angles. Rq was about the same for all the
analyzed coatings and did not differ with cure temperature.

81

Figure 5.5. Representative force curves for Syl-5:1_140_2hr. Blue curve: approach,
and red curve withdrawal. Raw data shows deflection (nm) vs separation (nm).
Deflection in nm is converted to force in nN by multiplying by the spring constant of
the cantilever.
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Table 5.1. Moduli and adhesion forces for Sylgard coatings of varying thicknesses,
cured at 30 and100 ˚C.
Samplea
Syl_30_1
Syl_30_2
Syl_30_3
Syl_30_4
Syl_30_5
Syl_30_6
Syl_30_7
Syl_100_1
Syl_100_2
Syl_100_3
Syl_100_4
Syl_100_5
Syl_100_6
Syl_100_7

Modulus
(MPa)[s.d]
2.3 [0.2]
2.8 [0.2]
2.5 [0.1]
2.5 [0.2]
2.6 [0.2]
1.9 [0.2]
1.9 [0.1]
3.8 [0.2]
3.6 [0.3]
3.3 [0.3]
3.2 [0.3]
3.7 [0.3]
3.4 [0.3]
3.2 [0.3]

Adhesion (nN)
[s.d]
3.33 [0.10]
3.47 [0.10]
4.07 [0.20]
3.71 [0.13]
3.52 [0.12]
3.49 [0.20]
3.11 [0.14]
2.32 [0.13]
1.91 [0.10]
1.87 [0.10]
1.67 [0.11]
2.06 [0.12]
1.75 [0.10]
1.65 [0.10]

Sample designated as Syl_‘cure temperature’_‘thickness notation’. Thicknesses
range from 1 to 7, where 1 is the thinnest and 7, the thickest.
a
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Figure 5.6. AFM channels for a 5 x 5 µm scan of Syl_30_2 obtained by PF-QNM: A, 2D
height (The Z height is denoted by the scale); B, 3D height; C, DMT modulus; D, adhesion.
Sample resolution: 128 x128, Scan rate: 05 Hz, PF amplitude: 150 nm, PF frequency: 0.5
kHz, PF setpoint: 2 nN, indentation depth: 25 nm.
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Figure 5.7. Model depicting network chemistry and corresponding silicon tip interactions.
Blue ovals: PDMS, orange ovals: crosslinker, black ovals: hydrosilylation network, red
triangles: condensation network (Si-O-Si), green rectangles on sample surface: Si-OH
moieties by autoxidation, green rectangles on AFM tip: outermost Si-OH on SiO2 layer. A.
Network chemistry with low temperature cure. Black circles and green rectangles heavily
present. Red triangles present are few, if any. Tip penetration is higher due to attractive
forces between the tip Si-OH layer and Si-OH moieties on the sub-mesosurface. High
adhesion. B. Network chemistry for high temperature cure. Few green rectangles. Tip
penetration is lower due to repulsive forces between the tip Si-OH layer and the non-polar
groups on the sub-mesosurface. Low adhesion.
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5.3.1.2. Syl_5:1, Syl_10:1 and Syl_20:1 coatings from Chapter 4.
As noted in Chapter 4, ATR-IR for the “standard” 10:1 Sylgard 184 composition
demonstrated that the Si-H functionality in the MDHDM crosslinker was in excess that required
for hydrosilylation network formation (as evidenced by the Si-H peaks in Figure 4.11). To
assess effects due to decreasing Si-H concentration by half, coatings with a 20:1 base to
crosslinking component B were prepared. Doubling of Si-H concentration was carried out by
using a 5:1 ratio of Part A to part B. For these coatings, low temperature cure was carried out at
60 ℃ while high temperature cure was at 140 ℃.
With regard to PF-QNM, for 5:1 and 10:1 coating sets, moduli increased with increasing
time as well as cure temperature [Table 5.2]. The 60_2hr coatings had the lowest moduli while
those cured at 140_24hr had the highest. As discussed earlier, this was a consequence of
increased network formation for high temperature cure. As noted previously the trend to higher
modulus for Sylgard 184 with increasing cure temperature was reported by Johnston et al.[55]
The 20:1 coatings with half the Si-H concentration had lower moduli overall, that were
closer to those for the Syl_5:1_60 and Syl_10:1_60 coatings. The 20:1 coatings had moduli that
were not sensitive to time (2 or 24 hr) or to temperature (60 or 140 ℃). These results are
consistent with a lower network density owing to the reduced (1/2) Si-H concentration, that did
not differ greatly with cure time or temperature. This agreed with the ATR-IR data from Chapter
4, where the Si-H peak areas were essentially the same for all four 20:1 coatings [Figure 4.12].
There is a clear trend for all 140˚ cured coatings: modulus increased with increasing
crosslinker concentration. Syl_5:1 with the highest MDHDM (Si-H) concentration had the
highest modulus (3.75 MPa with 0.35 s.d) whereas 20:1 had the lowest (1.8 MPa with 0.1 s.d).
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Even though ATR-IR spectra showed excess Si-H for the 10:1 “manufacturer’s recommended”
mass ratio of part A to part B, these findings indicate that an even higher concentration of Si-H
results in an increase in crosslink density that translates to higher moduli. The Si_5:1-140_24hr
thus had the highest modulus (4 MPa) due to the higher Si-H concentration and higher cure
temperature and time that favored rapid hydrosilylation and condensation of Si-OH from
autoxidized Si-H.
PF-QNM adhesion forces for this set of coatings followed the trend described previously
for the Syl_30 and Syl_100 coatings, with the higher extent of network formation resulting in
low adhesion [Table 5.2]. Adhesion forces thus decreased with increasing cure temperature.
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Table 5.2. Moduli and adhesion forces for Sylgard coatings of varying base:crosslinker
ratios, cured at 60 ˚C and 140˚C, for 2 hr and 140 hr.
Sample
Syl-5:1_60_2hr
Syl-5:1_60_24hr
Syl-5:1_140_2hr
Syl-5:1_140_24hr
Syl-10:1_60_2hr
Syl-10:1_60_24hr
Syl-10:1_140_2hr
Syl-10:1_140_24hr
Syl-20:1_60_2hr
Syl-20:1_60_24hr
Syl-20:1_140_2hr
Syl-20:1_140_24hr

Modulus
(MPa) [s.d]
1.6 [0.1]
1.8 [0.1]
3.5 [0.3]
4.0 [0.4]
1.8 [0.1]
2.1 [0.1]
2.4 [0.2]
3.3 [0.3]
1.6 [0.1]
1.3 [0.1]
1.8 [0.1]
1.8 [0.1]
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Adhesion
(nN) [s.d]
2.60 [0.19]
1.79 [0.15]
1.53 [0.13]
1.48 [0.14]
3.04 [0.18]
2.70 [0.19]
1.60 [0.15]
1.68 [0.12]
3.67 [0.19]
3.98 [0.16]
2.69 [0.19]
2.60 [0.20]

5.3.1.3. Sylgard temperature gradient. To further analyze and confirm the impact of cure
temperature, PF-QNM was conducted in air on a Sylgard 184 coating cured on a microscope slide
mounted on a temperature gradient. Details for the process are described in the experimental
section. PF-QNM in air was investigated for cure at the hot end of the gradient (Syl-10:1_150) and
on the ambient temperature end (Syl-10:1_27) employing peakforces of 2 nN and 0.2 nN. All other
experimental parameters used were the same as those used for the other coatings. The two forces
in turn result in different indentation depth, with higher force causing the tip to probe deeper, thus
examining depth dependence of modulus and adhesion.
As shown in Table 5.3 and Figure 5.8, adhesion forces for Syl-10:1_27 and Syl-10:1_150
varied significantly. For the low peakforce of 0.2 nN, Syl-10:1_27 showed higher tip adhesion (2.4
nN) than that for the hot end, (1.7 nN). Similarly, for the higher peakforce of 2 nN, adhesion for
Syl-10:1_27 was 4.1 nN and for Syl-10:1_150, 2.4 nN. These adhesion forces could plainly be
translated to the change in surface chemistry that is a direct consequence of extent of network
formation (in agreement with PF-QNM adhesion measurements obtained for the other Sylgard
coatings in Table 5.1 and 5.2. Also, there is a very slight “tackiness”, as is characteristic of “cold”
cures, to the cold end in comparison to the hot end, which may also have impacted adhesion.
Variations for the cold end with the peakforce used was also observed. Higher adhesion
force was observed at higher indentation depth (2nN peakforce) compared to that at the
indentation depth at 0.2nN peakforce. This could be due to the increased surface area of Si-OH
groups on the tip’s outer layer interacting with the Si-OH moieties on the sample mesosurface,
with higher indentation depth. This would also explain why the adhesion force at the hot end did
not differ regardless of the peakforce used. The number of Si-OH groups present on the high
temperature cure end is very low, if any. So, the interaction of tip Si-OH moieties with the
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surface is considerably low, leading to low adhesion forces, regardless of indentation depth
(force used).

5.3.2. ATR-IR spectroscopy. ATR-IR was used for analysis of mesosurface concentration of Si-H
in the gradient coating via peak intensity at 2150 cm-1 for the Sylgard temperature gradient
coating.[83] At the cold end, the Si-H peak (for Syl-10:1_27) was relatively strong as Si-H from
the crosslinker is in excess compared to vinyl moieties, and the cold cure was insufficient for
high network formation. At the hot end, this peak was very weak (for Syl-10:1_150), indicating
Si-H moieties were largely consumed by additional platinum catalyzed hydrosilylation [Figure
5.9] or secondary network formation after autoxidation to Si-OH and condensation to Si-O-Si,
producing the “condensate” water. Quantitatively, the Syl-10:1_27 Si-H peak area was at least
2.7 times higher than that for Syl-10:1_150, as shown in Figure 5.9.
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Table 5.3. Indentation depth and adhesion values obtained for the gradient coating at 2 nN
and 0.2 nN peakforces, in air. Tip used: ScanAsyst Air (Bruker)
Sample
designation

Peakforce: 0.2 nN

Peakforce: 2 nN

Average
indentation
depth (nm)

Adhesion
(nN) (s.d.)

Average
indentation
depth (nm)

Adhesion
(nN) (s.d.)

Syl-10:1_27

12.5

2.4 (0.18)

35.5

4.1 (0.21)

Syl-10:1_150

10.3

1.7 (0.07)

19.6

1.8 (0.1)
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Figure 5.8. 5 x 5 µm AFM adhesion images for Sylgard gradient coating in air A,
Peakforce used: 2nN, hot end; B, Peakforce used: 2nN, cold end; C, Peakforce used: 0.2nN,
hot end; D, Peakforce used: 0.2nN, cold end. The scale adjacent to each image indicate the
range of adhesion values obtained across them.
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Figure 5.9. ATR-IR Si-H peaks for Syl_10:1_27 and Syl_10:1_150 sections of
the Sylgard gradient coating. The peak area for Syl_10:1_27 is 2.7 times larger
than for Syl_10:1_150.
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5.4. Conclusion

Since modulus is a key factor affecting ice adhesion, this chapter dealt with investigating
the elastic modulus for Sylgard coatings that were cured for two different times with variations
in crosslink density. Elastic modulus is an important parameter that is related to the bulk
modulus by means of Poisson’s ratio (Chapter 3, Eq. 5). Measurement of modulus for thin
coatings (<100 µm) with a standard instrument (e.g. Instron) requires specialized load cells and
sample preparation. Without removal of a thin film from the glass substrate, the AFM
nanomechanical mapping mode Peak Force QNM provided an accurate method for the
determination of modulus. For consistency, the same technique was used for all coatings, even
those that were thicker than 100 µm.
Moduli for Sylgard coatings were reliably measured by Peak Force QNM and were
correlated with process conditions. For Syl_100, Syl_30 and Syl-5:1 and Syl-10:1 coatings
moduli were higher with increasing cure time and cure temperature. Interestingly, Syl-20:1
coatings were exceptions as moduli were similar regardless of process conditions. This result
appears to be correlated with the low crosslinker concentration (low Si-H) that restricted network
formation.
Like conventional silicon wafers, the silicon AFM tip has a native oxide layer with SiOH functionality on the outermost nanosurface. This polar “functional tip” facilitated
elucidation of adhesion forces for Sylgard 184 coatings as a function of processing. An exciting
finding was the decrease of adhesion forces with increasing time of cure and temperature. This
was observed for all the coatings investigated.
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An important conclusion was that 10:1 coatings cured at 100 ˚C [Syl_100] and 140 ˚C
[Syl-10:1_140_24hr] did not differ significantly in modulus or adhesion at 24 hr cure time. It
appears that 100 ˚C is the minimum temperature and 24 hr is the minimum time required for
completion of network formation by hydrosilylation and/or the formation of a secondary network
by condensation (-Si-H  Si-OH  Si-O-Si). Formation of the primary and secondary network
are depicted in Figures 4.2 and 5.7.
As far as crosslink density was concerned, at high temperature cure (140 ˚C), Syl-5:1
coatings had higher moduli than the Syl-10:1 ones, which in turn had higher moduli than the Syl20:1 ones. Thus, network chemistry played a crucial role in providing the material its stiffness
and this was easily manipulated with cure time, temperature and crosslink density.
Additionally, a Sylgard temperature gradient coating was prepared and investigated to
confirm the same outcome. The hot end inevitably showed lower adhesion than the cold end. The
force applied in PF-QNM was varied to monitor the depth effect of network chemistry on
adhesion. While it did not make a big difference for the hot end, the cold end clearly showed a
variation in the pull-off force (adhesion), that was higher with more force. Incomplete network
formation at varying depths perhaps resulted in this variation. PF-QNM thus made it very simple
to measure these parameters along a single coating with variable network chemistry. No special
preparation procedure was necessary and coated slides could be used as such.
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Chapter 6
Generating an optimum icephobic Sylgard coating

6.1. Introduction

Understanding the mechanism of ice adhesion is an important step to developing
advanced coatings to which ice adheres weakly. Such coatings may be referred to as
“icephobic”. Silicone coatings have received attention as icephobic coatings due to water
repellency.[15, 36, 69, 111-112]
This work seeks to expand knowledge of icephobic coatings by using Sylgard 184, a
commercially available Pt-cured silicone system that is easy to process, has excellent physical
and chemical properties and is optically transparent. Sylgard 184 finds widespread use in various
applications as well as research studies.[55-57, 84, 113-114] The preceding chapters reported
investigations of fundamental process parameters including cure temperature, cure time, and
cross-link density and the impact of process conditions on important parameters including
receding water contact angles, modulus and adhesion. By applying this knowledge, research in
the current study aims at systematic changes in process conditions to generate an optimum
icephobic coating.
Adhesion of a rigid cylinder to an elastomeric substrate is described by an equation
derived by Kendall (Eq. 2).[2] This equation defines the proportionality of peak removal force
(Pc) to modulus and work of adhesion (wa). The dependence of work of adhesion on receding
contact angles developed by Gao and McCarthy,[64] provides a linkage for studies described in
previous chapters on receding contact angles and elastic moduli. The study herein focuses on the
interplay between modulus and receding contact angles (θR) that guide minimizing the adhesion
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of ice. By control of processing conditions, Sylgard coatings were chosen that exhibited high
receding contact angles. Coatings with both higher and lower moduli were studied. Coating
thickness was fixed at ~ 270 µm as the results from Chapter 3 showed that peak removal force
was minimized at this thickness or greater. Sylgard 184 coatings were prepared on microscope
slides following a procedure described in Chapters 3 and 4. Removal force for ice cylinders
mounted on the coatings was determined using a TA Instruments RSAIII, which has a sensitive
load cell and an upper grip used as a force probe to remove ice cylinders. Among the candidates,
a Sylgard 184 coating was identified that exhibited the lowest peak removal force for ice
cylinders.

6.2. Experimental

6.2.1. Materials. A Sylgard-184 kit from Dow Corning is supplied in two parts, Sylgard-184A
(base) and Sylgard-184B (curing agent). According to the MSDS, Sylgard-184A is comprised of
dimethylvinyl terminated dimethyl siloxane (Figure 2.1, MViDMVi) dimethylvinylated and
trimethylated silica, (Figure 2.1, MViDnQ) tetra-(trimethoxysiloxy)silane (TMOS) and ethyl
benzene. Sylgard-184B is comprised of poly(dimethyl-co-methylhydrogen)siloxane, (Figure 2.1,
MDDHM)

dimethylvinyl

terminated

poly(dimethylsiloxane),

dimethylvinylated

and

trimethylsilylated silica, tetramethyl tetravinyl cyclotetrasiloxane (Figure 2.1, MViD4MVi) and
ethyl benzene. Network formation is accomplished by hydrosilylation catalyzed by a platinum
catalyst illustrated in Figure 2.2.
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6.2.2. Methods

6.2.2.1. Coating preparation. Based on moduli and adhesion measurements from PF-QNM and
the receding contact angles determined in the previous chapters, the following coatings were
prepared on microscope glass slides for ice adhesion tests: Syl-5:1_60_2hr, Syl-5:1_60_24hr,
Syl-5:1_140_2hr, Syl-5:1_140_24hr, Syl-10:1_140_2hr and Syl-10:1_140_24hr. Briefly, the
base A and crosslinking B components of the Sylgard 184 kit were mixed in 5:1 or 10:1 ratios to
give a total of 0.5 g of the freshly prepared resin. This mass was spread on each microscope
slide, which was then cured for times and temperatures indicated by sample designations [Table
6.1]. The coating mass (0.5 g) was chosen to generate a sample thickness of ~270 µm. Results
from Chapter 3 revealed that the shear stress values (for ice removal) did not significantly
change past those obtained for this coating thickness. Thickness of coatings was measured by
weighing the plain slides before they get coated and after cure, followed by using the density =
mass/volume equation. A sample calculation is provided in the appendix (A1). Table 6.1
provides preparation details and designations.
Additionally, 400 µm thick coatings of Syl-5:1_100_24hr, Syl-10:1_100_24hr and Syl20:1_100_24hr were prepared on microscope slides by spreading 0.7 g of the resin mixtures.
After cure, the Sylgard films were separated from the glass slide for DMA. These films were
prepared so a direct comparison of elastic modulus using conventional dynamic mechanical
analysis to the Young’s modulus obtained via PF-QNM in Chapter 5 could be made. In
designations, 100 refers to the cure temperature and 24hr refers to the cure time as in previous
chapters. A cure temperature of 100 ˚C was chosen since it was shown in Chapter 5 that this
temperature was high enough for primary (hydrosilylation) and secondary (condensation)
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network formation. Thus, analysis of these slides also served the purpose of checking
consistency and reproducibility at high temperature cure.

Table 6.1. Preparation details for drip coated Sylgard 184 coatings
Sample designation

Amount of
material (g)

Purpose

Thickness (µm)

Syl-5:1_60_2hr

280

Syl-5:1_60_24hr

276

Syl-5:1_140_2hr
Syl-5:1_140_24hr

0.5

Ice release

274
271

Syl-10:1_140_2hr

276

Syl-10:1_140_24hr

261

Syl-5:1_100_24hr

397

Syl-10:1_100_24hr

Modulus
measurements

0.7

Syl-20:1_100_24hr

99

410
401

6.2.2.2. Contact angles using goniometry. Contact angles were obtained using a Ramé-Hart
goniometer equipped with an LCD camera. Deionized water (∼18.2 MOhms) was used as the
probe liquid. A water drop was placed on the coated surface and the image was captured
immediately. Dynamic (advancing and receding) contact angles were obtained by volume
expansion and contraction of the water drop. Captured images were analyzed using DROPImage
Advanced software version 2.10.11. Average values are reported from 5 measurements.

6.2.2.3. Dynamic Mechanical Analysis. Dynamical mechanical and tensile mechanical
measurements were determined using a TA instruments RSA III employing the dynamic
mechanical analyzer (DMA) mode. During analysis temperature was ramped from -150 to 100
˚C at 5 ˚C/min while tension cycles were 1 Hz with maximum strain of 0.05%. Below -100 ˚C
the modulus of Sylgard 184 free standing films increases markedly accompanied by shrinkage.
The gap was manually decreased to compensate for shrinkage so as to avoid fracture before
testing. For this purpose, separate films of an average thickness of ~400 µm were prepared cured
for 24 hr at 100 ˚C. These were designated as Syl-5:1_100_24hr, Syl-10:1_100_24hr and Syl20:1_100_24hr. Samples were cut into 1” x 1” sections to accommodate the grips in the DMA
chamber.

6.2.2.4. Ice release tests. A TA Instruments RSA-III was adapted for the ice release test. The
range of motion for the upper grips (∼10 mm), the 3.5 kg load cell, and the temperaturecontrolled chamber are critical elements for this test. In brief, This test has been described in
detail previously.[66] In brief, a force probe and a sample holder were fitted into the upper and
lower grips as shown in Figure 3.3. Ice cylinders were formed on coating surfaces at −15 °C by
using plastic molds.[66] These are allowed sufficient time (2 hr) to freeze before testing. Samples
were transferred one by one from the freezer to the test chamber in less than 15 seconds to
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minimize the time of exposure to ambient temperature. The force probe does not engage the ice
cylinder directly but rather the mold that contains the ice [Figure 3.3]. The distance between
force probe and coating surface was held at 2 mm. Tests described herein were conducted at −10
°C, with a force probe speed of 0.05 mm/s. Shear stress vs distance graphs were generated from
which the peak removal force was determined for each sample at specific test conditions (TA
orchestrator v7.2.0.2).

6.3. Results and Discussion.

6.3.1. Contact angle analysis using goniometry. The Ramé-hart goniometer was used to measure
advancing and receding contact angles on the ice release candidate coatings, by volumetrically
expanding and contracting the water drop onto the coated surfaces using the syringe supplied
with the instrument. This was done to confirm the results obtained on coverslips in Chapter 4, on
freshly made microscope slides. Contact angles are listed in Table 6.2 (average of 5
measurements, standard deviations in the range of 1-3˚). All 6 coatings showed high θA and θR,
with low contact angle hysteresis. Considering the relationship of θR to work of adhesion (Eq. 1),
these were ideal contenders for minimizing the force to release ice.

6.3.2. Elastic modulus using Dynamic Mechanical Analysis. DMA was used to measure
mechanical properties including storage (elastic) E’ and loss E” moduli of the three 100 ˚C cure
coatings, and to check for phase transitions. Figures 6.1 and 6.2 show the DMA data for Syl5:1_100_24hr, Syl-10:1_100_24hr and Syl-20:1_100_24hr. A steady decrease in E’ from -100
˚C to 0 ˚C was observed. Figure 6.3 combines the elastic modulus curves for these coatings. For
the three coatings, E’ was higher at -10 ˚C, the test temperature employed for ice release in
comparison to that at ambient temperature (~25 ˚C). These values are detailed in Table 6.3.
101

Polymer chain relaxations at increasing temperature causing physical changes in the crosslinked
network may be attributed to lowering stiffness and thus low moduli.

Table 6.2. Advancing and receding contact angles of chosen Sylgard coatings by
goniometry to confirm “slippery” behavior
Sample designation

Advancing CA (θA)

Receding CA (θR)

Syl-5:1_60_2hr

112

100

Syl-5:1_60_24hr

113

98

Syl-5:1_140_2hr

112

100

Syl-5:1_140_24hr

112

98

Syl-10:1_140_2hr

112

99

Syl-10:1_140_24hr

113

98
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Figure 6.1. DMA for Syl-5:1_100_24hr and Syl-10:1_100_24hr. Blue triangles: Storage
modulus E’, green squares: Loss modulus E” and red circles: tan delta (E”/E).
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Figure 6.2. DMA for Syl-20:1_100_24hr. Blue triangles: Storage modulus E’, green
squares: Loss modulus E” and red circles: tan delta (E”/E)
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Figure 6.3. DMA data (E’) for Syl-5:1_100_24hr, Syl-10:1_100_24hr and Syl-20:1_100_24hr.

Table 6.3. Moduli of Sylgard coatings Syl-5:1_100_24hr, Syl-10:1_100_24hr
and Syl-20:1_100_24hr measured by DMA.
Sample

Modulus at -10 ˚C
(MPa)

Modulus at 25 ˚C
(MPa)

Syl-5:1_100_24hr

5.47

4.31

Syl-10:1_100_24hr

3.93

3.49

Syl-20:1_100_24hr

1.42

1.15
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Another important observation from both Figure 6.3 and Table 6.3 was that the elastic
modulus decreased steadily with crosslink density (5:1>10:1>20:1). This result can be compared
with those obtained from PF-QNM in Chapter 5, where high temperature cure indeed resulted in
increasing modulus with increased crosslink density (Tables 5.1 and 5.2).
The glass transition temperature (Tg) occurs at -115 °C (Figures 6.1, 6.2) in agreement
with reports in literature for Pt-cured PDMS.[115-116] Another transition is observed at ~ -55 ˚C for
Sylgard 184 (10:1 ratio, 100 ˚C cure for 24 hrs) Figure 6.4. This change in heat capacity was
previously identified by differential scanning calorimetry (DSC) by Wang.[117] Figure 6.4 shows
this DSC thermogram for Syl-10:1_100_24hr. This transition was assigned to a volume fraction
of PDMS chains associated with the MDViDnQ resin filler in Sylgard 184 [Figure 2.1]. With no
other transitions above -50 °C by DMA and DSC, it is concluded that Sylgard 184 is in the
rubbery state at -10 ˚C, the temperature employed for the ice release study.

6.3.3. Ice release study using Dynamic Mechanical Analysis. As described in the experimental
section, ice cylinders were allowed to freeze on the coatings at -15 ˚C for at least 2 hours. For
each sample run, the probe in the DMA chamber moved downwards at a speed of 0.05 mm/s
until the ice cylinder was dislodged from the coated surfaces. These tests were conducted at -10
and -30 ˚C to evaluate the effect of the test temperature. Shear stress versus distance graphs were
generated for each run using TA orchestrator v7.2.0.2. Peak removal forces for the coatings are
listed in Table 6.4.
Interestingly, it was observed that the coatings Syl-5:1_60_2hr and Syl-5:1_60_24hr
exhibit the lowest peak removal forces for ice at -10 ˚C. Higher modulus clearly has a negative
effect on easy ice release, as coatings including Syl-5:1_140_2hr and Syl_5:1_140_24hr had
higher peak removal forces despite having the highest receding contact angles. The lower
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network density for the coatings cured at 60 ˚C causes stiffness to be lower enabling easier ice
release. Low Young’s modulus for Syl_5:1_60_2hr reported in Chapter 5, 1.6 MPa as opposed to
3.5 MPa for Syl-5:1_140_2hr, is further evidence [Table 6.2]. Ice release is also aided by the
high receding contact angles due to high crosslinker content (and thus high hydrosilylation) in
the 5:1 coatings. Syl-10:1_60_2hr/24hr might also provide a lower modulus surface, but the low
receding contact angles precluded them from being chosen for the final ice release study. Figure
6.5 shows the force vs distance curve obtained for Syl-5:1_60_2hr, which gave the lowest shear
stress value, making it the most favored coating for the ice release application.
Returning to the anomalous DCA θR values obtained for Syl-5:1_60_2hr/24hr in Chapter
4, it may be hypothesized that the excess Si-H (and/or Si-OH) on the surface of these coatings
may bond reversibly with water at room temperature (as is the condition during DCA
experiments). However, at temperatures of -15 ˚C for ice cylinder formation, perhaps due to the
extent of primary network formation (due to high crosslinker content), this bonding interaction
with the coating surface Si-H (and/or Si-OH) moieties is restrained, thus still presenting a rather
“slippery” surface. This changing wetting behavior would also be difficult to observe with
goniometry, as the procedure relies heavily on a single droplet’s three phase contact line. This
DCA result definitely needs to be explored further, perhaps with more time-dependent droplet
mobility tests and stage speeds to gain more understanding. Both the DCA and the goniometry
results, despite contrary to each other, give valuable information about the interfacial
phenomena. For the purpose of ice release at subzero temperatures, the goniometry results
support the ice release experimental results.
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Figure 6.4. DSC thermogram for Syl-10:1_100_24hr;[117] Tg at -55 ˚C ascribed
to PDMS associated with MViDnQ nanofiller.
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Table 6.4. Shear stress values for chosen Sylgard coatings with high
receding contact angles
Sample designation

Shear stress,
kPa (s.d.)

R (from
goniometer)

Syl-5:1_60_2hr

85

100

Syl-5:1_60_24hr

103

98

Syl-5:1_140_2hr

145

100

Syl-5:1_140_24hr

197

98

Syl-10:1_140_2hr

128

99

Syl-10:1_140_24hr

165

98
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Figure 6.5. Shear stress vs distance graph for Syl-5:1_60_2hr.
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6.3.4. Discussion regarding depths of analysis. Before making final conclusions, it is important
to address the differences in the regions investigated with each surface characterization
technique. Despite the fact that all the characterizations discussed in this study (all chapters)
involve surface analysis, it is essential to demarcate the different depths that are probed by each
method. This becomes significant when materials have varying chemistry even in the sub-micron
level.
Tapping mode AFM (TM-AFM), which is used to assess morphology of materials probes
< 5 nm whereas the PF-QNM AFM mode probes deeper depending on the peakforce applied.
Damage to the sample and/or tip may occur with peakforces that are too high. In this study, a
depth of no more than 50 nm was investigated. We choose to define depths of < 5 nm as “nearsurface”, which is on a scale similar to DCA and sessile drop contact angle measurements.
Attenuated Total Reflectance Infrared Spectroscopy (ATR-IR) on the other hand, provides
spectroscopic information for the “mesosurface”, which is greater than 200 nm and up to a 1000
nm depth,[118] as evidenced by the changes in Si-H peaks to a depth 10 times greater than nearsurface network chemistry. PF-QNM depths of analysis are intermediate and are designated as
“sub-mesosurface”. This distinction is made as the modulus and adhesion results do not directly
correlate with the wetting behavior observed by DCA/goniometry but are a better match to ATRIR analysis.
Figure 6.6 shows the height images (morphology) obtained with PF-QNM and those
obtained with conventional TM-AFM. While TM-AFM images are devoid of features, phase
separation is observed in the PF-QNM image. Figure A2 in the appendix also shows a PF-QNM
1x1 µm image. This is evidence that QNM probes deeper and reveals morphological
heterogeneity due to the presence of MViDnQ nanofiller. As a further example, one of the Syl111

5:1_140_24hr coated coverslips were placed at 140 ˚C for 4 more days to check the extent of
crosslinking. This coating (Syl-5:1_140_5d) was then studied with ATR-IR and DCA. Figures of
ATR-IR spectra and DCA force distance curves are provided in the appendix (Figures A3-A4),
and show that even though there is a considerable decrease in Si-H peak, the DCA contact angles
are the same as that for Syl-5:1_140_24hr.
Table 6.5 lists the different depths of analysis specific to the current study, using the
surface characterization techniques described herein. This information is necessary to fully
understand the interfacial phenomena and the different variables being measured with the correct
techniques.

Table 6.5. Depths analyzed using various techniques in this
study
Technique

Analysis depth
(nm)

Designation

Contact angles

0.3-1

Near-surface

AFM

2-5

Near-surface

PF-QNM

20-50

Sub-meso surface

ATR-IR

300

Mesosurface
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Figure 6.6. AFM channels of 5 x 5 µm scan of Syl_30_2. A and B correspond to the height and
3D height channels obtained by PF-QNM (peakforce setpoint: 2nN, roughness Rq 2 nm); C and
D correspond to those obtained by TM-AFM (set point ratio: 0.8, roughness Rq 1 nm) Z height
is denoted by the scale.
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6.4. Conclusion.

Based on the investigation of key parameters including coating thickness, elastic modulus
and receding water contact angles, six coatings with varying crosslink density cured under
specific temperature and time were chosen for a final ice release study. Due to the contrasting
effects of modulus and receding contact angles on ice adhesion strength, the coating that proved
most suitable for the ice release application was Syl-5:1_60_2hr. Inadequate network formation
at the relatively low temperature of 60 ˚C resulted in lower stiffness, while still having high θR,
that enabled easier ice release. Also, PF-QNM proved to measure reliably elastic modulus, as
results were in agreement with those from DMA. Thus, mechanical properties of very thin
coatings could easily and dependably be studied with this AFM mode, while simultaneously
obtaining additional information such as adhesion, morphology and other properties.
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Chapter 7
Conclusions and future work
7.1. Conclusions.

Sylgard 184, a commercially available Pt-cured silicone system from Dow Corning, was
investigated for potential in developing a suitable icephobic coating. For this purpose, processing
changes were made in the coating preparation and/or cure conditions. Several surface analysis
techniques were employed to characterize the properties that could affect ice adhesion strength.
These included Dynamic Contact Angle (DCA) analysis using the Wilhelmy Plate method and
goniometry, Atomic Force Microscopy (AFM), Peakforce Quantitative Nanomechanical
Mapping (PF-QNM) [an AFM mode], Attenuated Total Reflectance Infrared Spectroscopy
(ATR-IR), Dynamic Mechanical Analysis (DMA) and an adapted procedure for assessing peak
removal force required to remove ice (TA Instruments RSA III) from the coated surfaces. The
parameters that were varied to affect the material properties were thickness, modulus and
receding contact angles. Correlations were made in accordance with the Kendall equation[2] and
the theory proposed by Gao and McCarthy.[64]Conclusions were made regarding the coating that
gave the least peak removal force for ice and valuable information was gained regarding kinetics
of PDMS crosslinking network chemistry. Syl-5:1_60_2hr, or the Sylgard coating that had a
base:crosslinker ratio of 5:1 cured at 60 ˚C for 2 hrs was found to be the most suitable coating for
ice release. As described, this was attained without any complicated synthesis steps or external
agents in an extremely inexpensive manner.
Despite possessing higher crosslinker content compared to the standard 10:1 mix, Sylgard
184 5:1 coatings, have low stiffness at 60 ˚C cure compared to 140 °C cure, keeping the bulk
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modulus low. This is due to the relatively lower network density at this low cure temperature.
Since bulk modulus is a key factor that causes ice adhesion strength to increase, this was a
favorable outcome. At the same time, considerable hydrosilylation at the near-surface due to the
high crosslinker content (excess Si-H) kept the contact angles high and surface energy low,
allowing for easier removal of ice. It was also concluded that the coating thickness needed to be
at least 250 µm to keep the peak removal forces below 100 kPa.
PF-QNM, an AFM feature was also assessed for applicability in measuring mechanical
properties and found to excellent when compared to DMA results. PF-QNM proved to be
particularly useful for extremely thin coatings (<100 µm thick), where sample preparation is
challenging and/or measuring quantities pushes the limits of commercially available and
commonly used instruments. PF-QNM is preferable to custom-made setups, as proper calibration
is easily done with good force control and other parameters. Material-specific cantilevers are
available and suitable stress-strain models are easily applied. The adapted DMA test[66] for
studying ice release also proved to be a very reliable and most importantly gave consistent and
reproducible results.

7.2. Further exploration.
7.2.1. Wetting behavior of 5:1 coatings cured at 60 ˚C. As discussed in Chapter 4,
Syl_5;1_60_2hr/24hr coatings yielded contrasting wetting behavior with DCA and goniometry.
This anomalous behavior was not well-understood. The excess Si-H was hypothesized to be the
responsible. More time and cure temperature-related experiments could be conducted to
understand the kinetics of network formation, and how this is affecting wetting behavior.
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7.2.2. Poisson’s ratio. Elastic modulus obtained through surface analysis is related to bulk
modulus by means of Poisson’s ratio (Chapter 3, Eq. 5). It was assumed to be 0.5 for all
coatings, based on the standard value found in literature.[109]It would be interesting to see if this
value actually does fluctuate with thickness and the extent of influence on the measured
modulus. Measuring this parameter for thin coatings like these is not an easy task. Custom made
equipment like the one described by Ma et al. may be employed.[119]

7.2.3. More crosslinker ratios. Following the same experimental setup, Sylgard coatings with
higher crosslinker ratios, such as 2:1, may be investigated. They may have intriguing ice release
properties.

7.2.4. Analyzing near-surface chemistry. Since techniques like ATR-IR probe the mesosurface of
materials (about 300 nm in this study), it would be pertinent to utilize techniques like Second
Harmonic Generation (SHG) to probe the near-surface chemistry. This is a non-destructive
characterization method based on non-linear light scattering. This technique may be used to
examine the Si-OH/Si-H area fraction at the near-surface, which could explain and corroborate
surface properties analyzed by methods like DCA and AFM etc.
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APPENDICES

A1. Calculation of coating thickness
For Syl_100_1,
Difference between mass of plain slide and mass of cured coated slide (m) = 29.8 mg
Area of slide (a) = 1875 mm2
Density of Sylgard 184 mixed resin (d) = 1 mg/mm3
𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =

𝑑=

𝑚𝑎𝑠𝑠
𝑚𝑎𝑠𝑠
=
𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑟𝑒𝑎 × 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
𝑚
29.8
→ 1=
𝑎×𝑡
1875 × 𝑡

𝑡 = 0.0159 𝑚𝑚 ≈ 𝟏𝟔 𝝁𝒎

A2. Diffusion Path Length Calculation
𝐿 = 𝑑p = (𝜆/𝑛c)2 ∗ 𝜋 ∗ [𝑠𝑖𝑛2𝜃 − (𝑛s⁄𝑛c)2]1/2
L = Diffusion path length = dp = effective penetration depth
λ = peak wavelength
θ = angle of incidence
nc = crystal refractive index
ns = PDMS refractive index
The Si-H group has an absorbance peak at ~2150 cm-1 (wavenumber) which corresponds to λ =
4651 nm (wavelength). For the Smart iTR instrument the angle of incidence is θ = 45°.
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For the germanium crystal, nc = 4, and ns = 1.4 at wavelength λ = 4651 nm.[120] Hence the depth
of penetration may be calculated as:

𝐿 = 𝑑p =

(4651 nm/4)
= 𝟑𝟎𝟏 nm
2 ∗ 𝜋 ∗ [sin2 45° − (1.4⁄4 )2 ]1/2

A3. Preparation of model silicone system
In a typical preparation, 20 g vinyl terminated polydimethylsiloxane (DV-PDMS), 2 g
methylhydrosiloxane-dimethylsiloxane copolymer (trimethylsiloxy terminated) and 0.1 g
2,4,6,8-tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane (inhibitor to retard gelation) were hand
mixed and then mixed in the Speed Mixer at 2700 rpm for 60 s. Platinum
divinyltetramethyldisiloxane complex solution (40 μL, 10 wt% in hexane) was added followed
by mixing at 2700 rpm for 30 s. An optically transparent, viscous resin was obtained. Drip
coated microscope slides were made with the freshly prepared resin mixture. After gelation (~15
min), two sets of slides were cured at 60 or 100 °C for 4 h or 48 h.

A4. Calculation of mole ratios for the different base:crosslinker systems.
a. Vinyl terminated polydimethylsiloxane (MW 28 kDa)

b. Methylhydrosiloxanedimethylsiloxane copolymer, trimethylsiloxy terminated
[crosslinker] (MW 900-1200 Da, approximated to 1 kDa, SiO(H)(CH3) 50-55 mole%)
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Number of repeat units of SiO(CH3)2 in ‘a’ = 377
Number of repeat units of SiO(H)CH3 in ‘b’ = 7 (based on 1 kDa molecular weight and 52.5
mol% of SiO(H)CH3)

For 10:1 PDMS coatings:
Hence, ratio of SiO(CH3)2 to SiO(H)CH3 :
377 ×

10
1
:7 ×
28000
1000
= 𝟏𝟗: 𝟏

Ratio of SiO(CH3)2CH=CH2 to SiO(H)CH3 :
2×

10
1
:7 ×
28000
1000
= 𝟏: 𝟏𝟎

2 repeat units of SiO(CH3)2CH=CH2 is approximate, taking into account end groups of ‘a’.

Ratio of SiO(CH3)2 to SiO(OH)CH3 : (assuming complete autoxidation)
Molecular weight of SiO(OH)CH3 = 1000 + 7 x 16 = 1112 kDa
377 ×

10
1
:7 ×
28000
1112
= 𝟐𝟏: 𝟏

For 5:1 PDMS coatings:
Hence, ratio of SiO(CH3)2 to SiO(H)CH3 :
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377 ×

5
1
:7 ×
28000
1000
= 𝟗. 𝟓: 𝟏

Ratio of SiO(CH3)2CH=CH2 to SiO(H)CH3 :
2×

5
1
:7 ×
28000
1000
= 𝟏: 𝟐𝟎

2 repeat units of SiO(CH3)2CH=CH2 is approximate, taking into account end groups of ‘a’.

Ratio of SiO(CH3)2 to SiO(OH)CH3 : (assuming complete autoxidation)
Molecular weight of SiO(OH)CH3 = 1000 + 7 x 16 = 1112 kDa
377 ×

5
1
:7 ×
28000
1112
= 𝟏𝟎. 𝟓: 𝟏

For 20:1 PDMS coatings:
Hence, ratio of SiO(CH3)2 to SiO(H)CH3 :
377 ×

20
1
:7 ×
28000
1000
= 𝟑𝟖: 𝟏

Ratio of SiO(CH3)2CH=CH2 to SiO(H)CH3 :
2×

20
1
:7 ×
28000
1000
= 𝟏: 𝟓

2 repeat units of SiO(CH3)2CH=CH2 is approximate, taking into account end groups of ‘a’.

Ratio of SiO(CH3)2 to SiO(OH)CH3 : (assuming complete autoxidation)
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Molecular weight of SiO(OH)CH3 = 1000 + 7 x 16 = 1112 kDa
377 ×

20
1
:7 ×
28000
1112
= 𝟒𝟐: 𝟏

A5. PF-QNM in water.
The gradient Sylgard 184 coating was imaged in a drop of distilled water (~40 µl). A
special probe holder was employed for imaging in fluid with the Dimension Icon scanner.
ScanAsyst-Fluid (Bruker) tips (spring constant 0.7 N/m) were used and one of them was inserted
in the holder. Then, a protective skirt was installed around the holder, which is a rubber seal used
to protect the scanner tube from liquids. A drop of water was placed both on the sample as well
as the cantilever. When the scanner head was lowered toward the sample, the drops of fluid
merged. This setup was left alone for about 15 mins so that the cantilever may attain equilibrium
with the aqueous environment. This is because a lot of deflection was observed when the
cantilever contacted the water. However, care was taken not to allow the water to evaporate
during this time and during the scans. Images were captured using PF-QNM, with specific focus
on the adhesion channel. This was conducted both on the high-temperature cured end of the
sample as well as the low temperature cured end to assess differences in adhesion characteristics,
if any. Figure A1 shows the fluid cantilever setup.
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Figure A1. Fluid cantilever setup[121] A. Probe holder, B. Tip inserted into
wire slot, C. Protective skirt
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Table A1. Indentation depth and adhesion values obtained for the gradient coating at 2nN
and 0.2 nN peakforces, in water. Tip used: ScanAsyst Fluid+ (Bruker)
Sample surface

Peakforce: 2 nN

Peakforce: 0.2 nN

Average
Indentation
depth (nm)

Adhesion
(nN) (S.D)

Average
Indentation
depth (nm)

Adhesion
(nN) (S.D)

Syl_10:1_Cold

17.6

0.92 (0.12)

5.6

0.91 (0.07)

Syl_10:1_Hot

20.6

1.19 (0.12)

5.5

0.81 (0.08)
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A6. Sylgard gradient coating: PF-QNM in water (discussion).
In water, the adhesion values were more or less the same on the hot end and cold end of
the Sylgard temperature gradient coating. As discussed earlier in Chapter 5, there is a thin oxide
layer on the surfaces of these silicon tips. This SiO2 may react with water (present in the air) to
form Si(OH)4:
𝑆𝑖𝑂2 + 2𝐻2 𝑂 → 𝑆𝑖(𝑂𝐻)4

Eq. 10

This changes the chemical nature of the tip at the surface and that in turn affects the surface
energy.
This Si-OH layer interacts with the water used for fluid imaging. From the values obtained, it
may be deduced that the Si-OH - water interaction dominates at the tip-sample interface, and the
proposed changing near-surface chemistry of the Sylgard sample at the cold end offers little to
no contribution to the adhesion force measurements. The fact that the values differed little even
with using a lower force (200 pN instead of 2 nN) for the cold end is further evidence. Hence the
values do not differ much, regardless of the area being scanned on the Sylgard gradient coating.
It must be noted though, that direct comparisons cannot be made between the values obtained in
air, and those in water, as different tips were used. These tips have dissimilar geometries,
deflection sensitivities and spring constants which directly impact the measured parameters,
including adhesion forces.
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Figure A2. 1 x 1 µm PF-QNM AFM images of Syl_100_5. A, Height sensor; B, 3D height.
False color imaging showed the extent of phase mixing. Peak force used: 2 nN, frequency: 0.5
kHz. Z height is denoted by the scale.
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Figure A3. Si-H absorption for Syl-5:1 coatings. A, Syl-5:1_60_24hr; B, Syl5:1_140_2hr; C, Syl-5:1_60_2hr; D, Syl-5:1_140_24hr; E, Syl-5:1_140_5d. Peak area for
E is 6.5 times lower than that for D.
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Figure A4. DCA force distance curves for Syl-5:1_140_24hr and
Syl-5:1_140_5d. θR was about 84˚ for both.
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Figure A5. Representative DMA data for Syl_100_1, Syl_100_2 and
Syl_100_3. Tests conducted at temperature – 10 ˚C.
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Figure A6. Representative DMA data for Syl_100_4, Syl_100_5 and
Syl_100_6. Tests conducted at temperature – 10 ˚C.
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Figure A7. Representative DMA data for Syl_100_7, Syl_30_1 and
Syl_30_2. Tests conducted at temperature – 10 ˚C.
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Figure A8. Representative DMA data for Syl_30_3, Syl_30_4 and Syl_30_5.
Tests conducted at temperature – 10 ˚C.
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Figure A9. Representative DMA data for Syl_30_6 and Syl_30_7. Tests
conducted at temperature – 10 ˚C
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Figure A10. Representative DMA data for Syl_30_1. Tests conducted at
temperature – 30 ˚C.
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